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ABSTRACT 
REACTIVE AND STIMULI-RESPONSIVE SULFONIUM-BASED POLYMER 
ZWITTERIONS 
 
MAY 2019 
 
CRISTIAM F. SANTA CHALARCA, B.S., UNIVERSITY OF ANTIOQUIA 
 
M.A., UNIVERSITY OF MASSACHUSETTS AMHERST 
 
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST 
 
Directed by: Professor Todd Emrick 
 
This dissertation describes the synthesis and characterization of novel monomers 
and (co)polymer zwitterions that incorporate trialkylsulfonium cations. The novel 
materials presented herein constitute a unique type of polymer zwitterions that exhibit salt- 
and temperature-dependent water solubility as well as inherent reactivity. The behavior of 
these polymers in aqueous solutions, as nanostructures, and at liquid-liquid interfaces was 
studied; in all cases, the inherent reactivity of the polymers was harnessed towards the 
fabrication of novel polymers and soft materials. 
Following an introductory chapter, Chapter 2 describes the synthesis of sulfonium 
sulfonate monomers and polymer zwitterions. Both styrenic and methacrylic monomers 
were synthesized on a multigram scale and polymers were prepared by reversible addition-
fragmentation chain-transfer (RAFT) polymerization. Solution properties of the polymers 
were characterized and compared to analogous ammonium-based polymer zwitterions. 
Unlike conventional polymer zwitterions, the sulfothetin polymers described in Chapter 2 
are inherently reactive and amenable to nucleophilic substitution, thus affording access to 
a diverse range of materials by post-polymerization modification. 
  ix 
Chapter 3 presents the preparation of double zwitterionic diblock copolymers, 
composed of poly(phosphorylcholine methacrylate) (PMPC) and polymer sulfothetin 
styrene (PSTS) blocks. Polymers with different PSTS incorporation were prepared, and 
their self-assembly in aqueous environments was studied. Nanoscale self-assembled 
structures with sizes tailored by the length of the PSTS block were obtained when the 
diblock copolymers were dispersed in water. Increasing the salt concentration in the 
aqueous solutions triggered disassembly into unimeric structures, and the critical salt 
concentration at which disassembly occurred hinged on the degree of polymerization of 
the PSTS block. Additionally, we harnessed the reactivity of the PSTS block as a stimuli 
to trigger the self-assembly at high salt concentrations.  
Finally, Chapter 4 describes the preparation of polymer sulfothetin-stabilized oil-
in-water emulsion networks that display salt-concentration-dependent adhesion, 
aggregation and rheological behavior. These emulsions were processed into supracolloidal 
fibers by extrusion into water reservoirs. The fibers underwent disaggregation upon 
increasing the salt concentration of their surroundings. Utilizing the methacrylic and 
styrenic polymer sulfothetins presented in Chapter 2 as emulsion stabilizers, allowed for 
tailoring the salt concentration required to trigger fiber disaggregation. Finally, the 
reactivity of the polymeric zwitterions towards thiolate nucleophiles in aqueous 
environments gave access to covalently crosslinked fibers that were stable to high salt 
concentrations. 
  x 
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CHAPTER 1 
 
1INTRODUCTION TO SYNTHETIC POLYMER ZWITTERIONS: SYNTHESIS, 
AND CHARACTERISTICS IN FLUIDS AND AT INTERFACES  
1.1 Introduction 
Polymer zwitterions (PZWs), an important class of hydrophilic polymers, are 
composed of monomeric units with balanced positive and negative charges (Figure 1.1).1 
Although overall charge-neutral, each repeating unit presents electrical dipoles which 
contribute to the unique properties of PZW.2,3 PZWs experience extensive solvation in 
aqueous environments, leading to their well-noted hydrophilicity and biocompatibility. 
Due to these properties, PZWs find applications in drug and gene delivery4–9 (both as 
prodrugs and nanomedicines) and as non-fouling coatings10–13 in several contexts, 
including as water purification membranes.14 
 
Figure 1.1 a) Schematic representation of the structure of polymer zwitterions and 
the electric dipoles present in each repeating unit. b) Examples of applications of 
polymer zwitterions, such as biomimetic coatings and nanomedicines. 
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Some PZWs display “smart” properties, in which their solvation and solubility in 
aqueous environments is a function of the solution temperature and salt concentration.2,3,15–
21 This distinct class of PZWs show upper critical solution temperatures (UCST) and “anti-
polyelectrolyte” effects arising from intra- and inter-molecular zwitterion pairings: in 
contrast to polyelectrolytes (i.e., polymers with charge electrolytes in each repeating unit), 
PZW exhibit a globule conformation in dilute solutions at low temperatures or low salt 
concentrations due to zwitterionic pairings. These interactions are disrupted with 
increasing temperature or in the presence of salt where the polymers exhibit a more “coil-
like” structure.2 (Figure 1.2). These solution characteristics of PZWs translate to solid-
liquid interfaces, where they have been used for the fabrication of stimuli-responsive 
zwitterionic brushes12,22–24 and polymer ligands for nanoparticles.25–27 
 
Figure 1.2 Schematic description of the UCST and “anti-polyelectrolyte” behavior 
of polymer zwitterions. 
 
Modifying the chemical structures of polymer zwitterions allows tailoring of their 
solution properties (e.g., aqueous solubility, phase diagrams, and reactivity), which has 
inspired the development of families of (co)polymer zwitterions by modification of the 
zwitterionic moiety,15,28 alteration to the polymer architecture29 or backbone,30–34 and 
inversion of the zwitterion orientation relative to the backbone.35,36. Additionally, the 
responsive behavior of PZWs depends on their molecular weight,1,30 which is responsible 
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for the use of controlled polymer chemistries that afford well-defined polymer zwitterions 
with controlled molecular weights.37–42 Supplemental tailoring is performed by 
modification of the charge groups chemistry and distance between them, which has a 
profound effect on the temperature and salt-responsiveness of polymer zwitterions.28,30,43,44  
Notably, most synthetic polymer zwitterions contain nitrogen-based cations such 
as ammonium, 15,33,45,46 imidazolium,44,47 benzimidazolium44 and guanidium.40 This 
prevalence of nitrogen-based cations in synthetic polymer zwitterions, as well as in natural 
systems, is explained by their chemical stability and the variety of synthetic routes 
stablished for their preparation. Nevertheless, the lack of utilization of other cations, e.g., 
sulfonium or phosphonium, hinders the discovery of polymer zwitterions with novel 
properties, a concept at the core of this dissertation. 
 
Figure 1.3 Chemical structure of PMPC and PSBMA polymer zwitterions. 
 
The chemical structures of two of the most studied polymer zwitterions, poly(2-
methacryloyloxyethyl phosphoryl choline) (PMPC) and poly(N,N’-
dimethyl(methacryloylethyl)ammonium propanesulfonate), commonly termed poly( 
sulfobetaine methacrylate) (PSBMA), are displayed in Figure 1.3. PMPC is a polymeric 
phosphobetaine (i.e., ammonium phosphate) with a methacrylate backbone and a 
biomimetic phosphorylcholine side group. PMPC has excellent water solubility and 
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biocompatibility,7,48 and has been widely used in the preparation of nanoscale structures 
that exhibit exceptional colloidal stability and low cytotoxicity.4,5,7,8,38,48–52 PSBMA is a 
polymeric sulfobetaine (i.e., ammonium sulfonate) which is the quintessential example of 
a stimuli-responsive PZW; indeed, most reports focused on structure-property relationships 
of PZWs utilize PSBMA (co)polymers. 2,15,17,42,49,53–56  
For the use of PZWs, it is sometimes necessary to conjugate molecules of interest 
(e.g., fluorescent labels, chemotherapeutics, peptides and proteins, enzymes, antigens, etc.) 
which needs additional chemical functionalities in the polymer structure. Three different 
strategies for introducing additional functional groups into PZWs are presented in Figure 
1.4. Careful selection of the polymerization methodology employed in the synthesis of 
PZWs allows control over the chemistry of the polymer chain-ends. The availability of 
functional initiators, as well as the development of reversible-deactivation radical 
polymerization (RDRP) techniques such as atom transfer radical polymerization (ATRP), 
nitroxide-mediated polymerization (NMP), and reversible addition-fragmentation chain 
transfer polymerization (RAFT), has enable the implementation of this strategy. These 
processes allow a fine control over the chain-end chemistry but are limited to the 
incorporation of only one or two groups per chain. Another strategy is the copolymerization 
of zwitterionic monomers with monomers containing the target functional groups. 
Although several studies based on this strategy are reported, a common drawback is the 
need to protect these functional groups during polymerization. A third strategy reported 
recently is the development of functional zwitterionic monomers.15,36,57 Similarly this 
strategy allows tailoring the amount of functional monomers, but they must remain stable 
during the polymerization process. The sulfothetin polymer zwitterions described in this 
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dissertation are unique in that the incorporation of sulfonium cations endows them with 
electrophilic character, which is harnessed in this work to prepare a range of nano- and 
macroscale polymer structures. 
 
Figure 1.4 Synthetic strategies for the preparation of functional polymer 
zwitterions: Left, end-group modification; middle, copolymerization with functional 
monomers; right, polymerization of functional zwitterionic monomers. 
 
The polymers described in this dissertation where synthesized by RAFT 
polymerization. This RDRP technique was reported by Rizzardo, Moad, and Thang in 
1998,58 and has gained popularity due to its ability to finely control the polymerization of 
a range of vinyl monomers.59–61 Conventional radical polymerization affords 
macromolecules with broad molecular weight distributions due to unavoidable termination 
reactions (Figure 1.5). In practice, RAFT polymerization has a similar set up to the 
conventional radical polymerization process: mixtures of monomer and initiators, usually 
diluted in inert solvents, react together to afford polymer products. In RAFT 
polymerization, an additional component, termed the chain transfer agent (CTA) is 
employed. After initiation and propagation, the active polymeric chains react with the CTA 
through an addition equilibrium to produce dormant radical intermediates. After 
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fragmentation equilibrium a new radical is produced, which can undergo further 
propagation. The control over the molecular weight distribution provided by the RAFT 
process is due to fast addition and fragmentation equilibria and therefore the selection of 
the CTA chemical structure (R and Z groups in Figure 1.5) is crucial for the successful 
implementation of RAFT. Several reports of PZWs prepared by RAFT polymerization are 
found in the literature.5,8,30,33,42,53,54  
 
Figure 1.5 Schematic representation of the mechanism of conventional radical 
polymerization (top) and reversible addition-fragmentation chain transfer (RAFT) 
polymerization (bottom). 
1.2 Thesis Outline 
This dissertation describes the synthesis and characterization of novel, sulfonium-
based monomers and (co)polymer zwitterions and the use of these polymers as smart, 
surface-active materials. These polymers represent a rare example of synthetic polymer 
zwitterions in which the cationic component is not a quaternary ammonium. Unlike 
conventional polymer zwitterions, the polymers and materials presented here exhibit 
enhanced responsive properties and inherent reactivity towards nucleophiles, due to the 
presence of the sulfonium cations in the zwitterionic structures. These polymers were 
studied as homopolymers in aqueous solution, as diblock copolymers inside 
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nanostructures, and as smart surfactants at liquid-liquid interfaces, in which the inherent 
responsive properties and reactivity of the polymers was harnessed towards the fabrication 
of novel responsive polymers and soft materials (Figure 1.6). 
 
Figure 1.6 Outline of the research presented in this dissertation.  
  
Chapter 2 describes the synthesis of sulfonium sulfonate, or “sulfothetin” 
zwitterion monomers and polymers, representing work publish in the Journal of Polymer 
Science Part A: Polymer Chemistry, 2017).39 Styrenic and methacrylic monomers were 
synthesized via the sulfopropylation of the precursor dialkyl sulfides. Both monomers were 
obtained on multigram scale without the need for chromatographic purification. Favorable 
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conditions for the RAFT polymerization were established, which allowed for well-
controlled polymerization kinetics as well the preparation of polymers with narrow 
molecular weight distributions. Polymer sulfothetins exhibited both UCST characteristics 
and “anti-polyelectrolyte” behavior in aqueous environments. When compared to 
analogous nitrogen-based polymer ammonium sulfonate (sulfobetaine) zwitterions, 
polymer sulfothetins presented higher cloud point temperatures and critical salt 
concentrations, suggesting that the incorporation of sulfur cations enhances the intra- and 
inter-molecular dipole-dipole zwitterion pairings. Unlike nitrogen-based polymer 
zwitterions, the polystyrene-based sulfothetin polymers described in Chapter 2 are 
inherently reactive and are amenable to nucleophilic substitution under mild aqueous 
conditions. This allowed post-polymerization modification chemistries without the need 
for incorporation of extra functional groups into the polymer structure, and afforded access 
to a diverse range of functional soft materials and assemblies. 
Chapter 3 presents the preparation of double zwitterionic diblock copolymers 
composed of a highly hydrophilic polymer zwitterion, poly(2-methacryloyloxyethyl 
phosphorylcoline) (PMPC) block and a novel polymeric sulfothetin styrene (PSTS) block. 
Three diblock copolymers with different PSTS incorporation, from 34 to 66 mol%, were 
prepared, and their assembly in aqueous environments was studied. Nanoscale self-
assembled structures with sizes tailored by degree of polymerization of the PSTS blocks 
were obtained when the diblock copolymers were dispersed in deionized water. Due to the 
“anti-polyelectrolyte” behavior of the PSTS blocks, increasing the salt concentration in the 
aqueous solutions triggered the disassembly of the supramolecular nanostructures into 
unimeric chains. The critical salt concentration necessary to trigger this process was 
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dependent on the incorporation of PSTS. PSTS is a reactive polymer that allows post-
polymerization modification chemistries by nucleophilic debenzylation. Using thiolate as 
nucleophiles, these reactions are fast and efficient in aqueous solutions, demonstrating how 
the self-assembly of PMPC-b-PSTS diblock copolymers is triggered by this reactive 
chemistry.  
Finally, Chapter 4 describes polymer sulfothetins as smart surfactants for the 
preparation of stimuli-responsive oil-in-water (o/w) emulsions and supracolloidal objects 
based on these emulsions. This chapter reflects work that was published in Advanced 
Materials in 2017 and Advanced Functional Materials in 2018.62,63 Oil-in-water emulsions 
stabilized by polymeric sulfothetins exhibited droplet flocculation when the concentration 
of salt in the aqueous continuous phase was low. This aggregation was reversed by simply 
increasing the salt concentration. Salt concentration controlled inter-droplet adhesion and 
rheological studies suggested that even when present at oil-water interfaces, the polymeric 
sulfothetins preserved their responsive-properties. Emulsions with oil volume fractions 
larger than 65% formed droplet networks that were amenable to extrusion processes, 
allowing formation of supracolloidal fibers. Similarly to their parent emulsions, these fibers 
underwent disaggregation upon increasing salt concentration and constitute an example of 
salt-responsive soft objects. Utilizing different polymer sulfothetins allowed for tailoring 
of the salt concentration required to trigger fiber disaggregation, highlighting the 
importance of new zwitterionic polymer compositions with tunable critical salt 
concentrations. Finally, the reactivity of the polymeric zwitterions towards thiolate 
nucleophiles in aqueous environments was used as a means of preparing covalently 
crosslinked fibers that were stable to high salt concentrations. 
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CHAPTER 2 
2SULFONIUM-BASED POLYMER ZWITTERIONS 
2.1 Introduction 
The polymer zwitterions discussed in Chapter 1 are of considerable interest across 
the materials and medical communities due to their water-solubility, low cytotoxicity, and 
charge neutrality, and thus are being studied in applications ranging from drug and gene 
delivery1 to antifouling2 and low friction materials and coatings.3 Of particular interest is 
their upper critical solution temperature (UCST) behavior in aqueous environments. 
Modification of the chemical structure of polymer zwitterions allows tailoring their 
solution properties (e.g., aqueous solubility, phase diagrams and reactivity), which has 
produced a large variety of synthetic polymer zwitterions, some of which are shown in 
Figure 2.1. 
 
Figure 2.1 Examples of structural diversity in polymeric zwitterions reported in the 
literature. 
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Polymer zwitterion properties can be tailored through several strategies, including 
their integration into copolymers,4 introducing functionality directly into the zwitterionic 
moiety,5,6 altering the polymer architecture7 or backbone,4,8–11 or inverting the zwitterion 
orientation relative to the backbone.12,13 Moreover, altering the anionic or cationic 
component, or the anion-cation separation distance has a profound effect on the 
temperature- and salt-responsiveness of polymer zwitterions.4,6,14,15  A literature survey 
reveals that most polymer zwitterions contain nitrogen-based cations derived from 
ammonium,5,10,16,17 imidazolium,15,18 benzimidazolium15 and guanidinium.19 While the 
dominance of nitrogen-based cations in polymer zwitterions is due in part to their chemical 
stability and variety of established synthetic methods, new approaches to less common or 
unknown zwitterions are needed to expand the variety of useful properties that can be 
achieved with this class of polymers. 
Despite the susceptibility of sulfonium cations to nucleophilic dealkylation,20–26 
polysulfonium salts are long known22,27 with recent reports of their use in controlled 
polymerizations.20,21,28,29 Sulfonium-based small molecule zwitterions, or “thetins”, are 
found in living organisms,30 for instance the carboxythetin (i.e., sulfonium carbonate) 
dimethyl sulfonium propionate (DMSP, Figure 2.2) and its derivatives are present in 
algae31,32  and coral reef invertebrates.33 DMSP biosynthesis and function in 
transmethylation and osmoregulation are well-documented.32 Additionally, the 
phosphatidylsulfocholine  (i.e., sulfonium phosphate analogs of phosphatidylcholine) are 
found in cell membrane glycerolipids of diatoms and algae.34 
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Figure 2.2 Examples of zwitterionic “thetins” found in nature. 
 
The synthesis of sulfothetin (i.e., sulfonium sulfonate) small molecule zwitterions 
via the reaction of dialkyl sulfides with 1,3-propanesultone and their use as active agents 
in herbicide formulations,35 surfactants,36 and intermediates in sulfonioalkanesulfonic ester 
synthesis are reported.37 Prior reports describe sulfonium-based polymer zwitterions,27,38–
41 involving carboxythetins (i.e., sulfonium carboxylates) prepared by conventional free 
radical polymerization or post-polymerization modification,27,38,39 and two patents mention 
sulfothetin polymers (Figure 2.3).40,41 Additionally, a report regarding a new polymer 
sulfothetin and its properties was reported after we first published our findings,42 thus 
highlighting the emerging importance of the research presented herein. 
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Figure 2.3 Examples of sulfonium- and ammonium-based polymer zwitterions. 
 
This chapter focuses on the synthesis of sulfothetin-containing monomers and 
polymers.43 Both styrenic and methacrylic monomers were synthesized on multigram 
scales, in good yields, and without the need for chromatographic purification. Reversible 
addition-fragmentation chain-transfer (RAFT) polymerization of both monomers was 
achieved under aqueous conditions, or in trifluoroethanol (TFE) as solvent, noting a 
significant influence of the selected chain transfer agent (CTA) and solution ionic strength. 
These polymeric sulfothetins presented an upper critical solution temperature (UCST) and 
“anti-polyelectrolyte” behavior, and higher cloud point temperatures than their analogous 
sulfobetaines poly(3-(N,N-dimethylvinylbenzyl ammonio)- propanesulfonate) (PSB1) and 
poly(sulfobetaine methacrylate) (PSB2) (Figure 2.3). Unlike typical polymer zwitterions, 
sulfothetin-containing polymers are inherently reactive and amenable to nucleophilic 
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substitution, thus affording access to a diverse range of materials by post-polymerization 
modification.43 
2.2 Synthesis of Sulfothetin Monomers 
Sulfothetin monomers M1 and M2 were prepared by the sulfopropylation of methyl 
alkyl sulfides with 1,3-propanesultone, as shown in Figure 2.4. The alkyl substituents were 
either styrenic or methacrylic moieties. The reactions were performed in acetonitrile, using 
butylated hydroxytoluene (BHT) as a radical scavenger. In optimized conditions, 
sulfothetin-substituted styrene monomer M1 (STS) was prepared by reacting 4-
vinylmethylsulfide (1) with 1,3-propanesultone (2) in acetonitrile at 50 °C for 67 h (67% 
yield). A 5-fold excess of the sulfopropylating agent was required, due to the modest 
nucleophilicity of dialkyl sulfides and to promote high conversions. Equimolar amounts or 
lesser excess of 1,3-propanesultone produced the desired product in low yields, while 
conducting the reaction at higher temperatures, such as refluxing acetonitrile (85 °C), 
afforded an insoluble gel (possibly due to undesired polymerization). Sulfothetin monomer 
M1 precipitated from acetonitrile as a white solid upon cooling the reaction mixture to 
room temperature. The monomer was recovered by filtration and washed with cold 
acetonitrile, THF, and ether, and was then dried under vacuum. Monomer M1 exhibited 
excellent solubility in TFE (>1 g/mL) and appreciable solubility in MeOH (3 mg/mL) and 
aqueous NaBr and Na2SO4 solutions (<5 mg/mL in 0.5 M NaBr or Na2SO4). However, 
monomer M1 is highly soluble in NaClO4(aq) (>200 mg/mL in 0.5 M NaClO4). Considering 
that its analogous sulfobetaine is highly soluble in 0.5 M NaBr (>200 mg/mL),10 the 
suprinsingly low aqueous solubility of the novel styrenic sulfothetin M1 suggests that the 
sulfonium cation of the zwitterion impacts solubility significantly. 
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Figure 2.4 Synthesis of sulfothetin monomers M1 and M2. 
 
Sulfothetin methacrylate monomer STMA (M2) was synthesized by refluxing 
commercially available 2-(methylthio)ethyl methacrylate (4) with a 5-fold excess 1,3-
propanesultone (2) in acetonitrile for 24 h. During the reaction, sulfothetin monomer M2 
precipitated as a fine white powder, which was recovered by filtration and washing with 
acetonitrile, THF, and ether, in similar fashion to M1. Monomer M2 was soluble in TFE 
(>1 g/mL) and contrary to M1 was soluble in aqueous salt solution (> 1 g/mL in 0.5 M 
Na2SO4 or NaBr) and slightly soluble in MeOH (40 mg/mL). 1H and 13C NMR 
spectroscopy of M1 and M2 (Figure 2.5) confirmed the desired structures and reflected the 
expected asymmetry of the tertiary sulfonium cation. In the 1H spectrum of M1 in 0.5M 
NaNO3 in D2O, the benzylic protons (4.70 and 4.63 ppm signals f and g in Figure 2.5) 
appear as doublets, and the methylene protons positioned α and β to the sulfonium cation 
(3.47, 3.37 and 2.35 ppm, signals i, j, and k respectively, in Figure 2.5) exhibit ABX2 
splitting due to the chirality of the neighboring sulfur atom. 
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Figure 2.5 1H NMR (left) and 13C NMR (right) spectra of monomer M1 in 0.5 M 
NaNO3 in D2O. 
  
The 1H NMR spectrum of M2 (Figure 2.6) revealed multiplets at 4.63, 3.78 and 
3.54 ppm, with the splitting complexity again resulting from the asymmetry of the tertiary 
sulfonium group. Mass spectral analysis of M1 and M2 showed M+H and M+Na signals for 
both monomers (287.0906 and 309.0689 g/mole for M1 and 283.0800 and 305.0584 
g/mole for M2). 
 
Figure 2.6 1H NMR (left) and 13C NMR (right) spectra of monomer M2 in 0.5 M 
NaNO3 in D2O. 
2.3 Nucleophilic Substitution of Sulfothetin Monomers M1 and M2 
Sulfonium salts undergo nucleophilic dealkylation reactions,20–23 with kinetics that  
depend on the substituents of the sulfonium cation as well as the nucleophilicity of the 
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dealkylating agent and the solvent employed for the reaction. For instance, Mackenzie et 
al. studied the demethylation of polymerizable acrylic sulfonium salts in sodium halide 
solutions (both in D2O and DMSO-d6),21 which proceeded more rapidly in DMSO than in 
water, and likewise proceeded faster with increasing halide concentration. Haryono et al., 
reported the demethylation of methyl-(4-methylthio)phenyl)-phenyl sulfonium 
trifluoromethanesulfonate with tetraethyl ammonium halides.44 Demethylation rates were 
inversely proportional to solvent permittivity and followed the trend of I- > Br- > Cl-. 
The nucleophilic dealkylation of sulfonium group in sulfothetin monomers M1 and 
M2 was studied to determine their reactivity towards different nucleophiles when present 
as an “inner salt,” or zwitterion, rather than a dissociated salt. These studies were 
instrumetal to establish effective polymerization conditions (section 2.4) of the monomers 
and post-polymerization modification of the polymers (section 2.6). Figure 2.7 shows the 
1H NMR spectrum of monomer M2 in DMSO-d6 after 113 h in the presence of NaBr ([Br-
]:[M2]=5:1, [M2]=23 mM). Demethylation is evident from the appearance of a the CH3Br 
methyl signal at 2.7 ppm (labelled f’ in Figure 2.7) and the alkene protons (6.03 and 5.7 
ppm, labelled a’ and b’ in Figure 2.7) of the demethylation product (5). Demethylation 
proceeded slowly; after 113 h at room temperature with a 5-fold excess of the nucleophile, 
only ~18% conversion was observed (as judged by integrating signals a and a’ in Figure 
2.7). A similar experiment in D2O led to no appreciable dealkylation of M2 after 144 h, 
suggesting its stability in aqueous sodium bromide even when presented with a 20-fold 
excess of nucleophile ([Br-]:[M2]=20, [M2]=23 mM). When using the more nucleophilic 
sodium azide in DMSO ([N3-]:[S+]=20, [M2]=23 mM), 16% demethylation was observed 
in 17 h, and 69% after 160 h. In contrast, when sodium azide was used in D2O only 10% 
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conversion occurred after 160 h, the reduced nucleophilicity likely due to its greater 
solvation in water.  
 
Figure 2.7 1H NMR spectrum of the products of reacting monomer M2 and NaBr in 
DMSO-d6 after 113 h. [Br-]:[S+] = 5:1 [M2]= 23 mM. The scheme shows the 
demethylation products and their signals in red.  
 
 
As shown in Figure 2.8, through similar dealkylation experiments of sulfothetin-
substituted styrene M1 with Br- in DMSO, we found the reaction to be non-regiospecific, 
affording both demethylation and debenzylation products (6 and CH3Br, and 7 and 8 
respectively) as shown in Figure 2.8. Demethylation was confirmed by the appearance of 
the CH3Br resonance at 2.7 ppm (g’, Figure 2.8) and the methylene protons of 6 at 4.47 
ppm (f’, Figure 2.8). Debenzylation was noted by the signals at 4.71 and 2.07 ppm (f” and 
g”, respectively in Figure 2.8) corresponding to the benzylic methylene group of 4-vinyl 
benzylbromide 7 and the methyl group of 8, respectively. Integration of the obtained 
signals allowed us to calculate a 1:2.5 demethylation-to-debenzylation ratio. 
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Figure 2.8 1H NMR spectrum of the reaction products from monomer M1 and NaBr 
in DMSO-d6 ater 113 h. [Br-]:[S+] = 5:1 [M2]= 23 mM. The scheme shows 
demethylation and debenzylation prodcuts of M1 in red and blue, respectively. 
 
In contrast, when using sodium azide as the nucleophile, regiospecific 
debenzylation of M1 was observed, with 100 % M1 conversion after only 1.5 h at room 
temperature, affording 4-vinylbenzylazide (9) and sulfonate 8 (Figure 2.9). The faster 
reaction of sulfothetin M1 over M2 suggests that the presence of the electron-withdrawing 
benzyl group provides higher reactivity to the styrenic monomer. This effect is also seen 
in sulfonium-based polymer electrolytes in which nucleophilic dealkylation hinges on the 
presence and type of nearby electron-withdrawing groups.25 
The reaction of M1 with azide anion in D2O ([N3-]:[M1]=20, [M1]=23 mM) was 
also regiospecific, but slower than in DMSO. 1H NMR analysis revealed only 29 % 
debenzylation after 17 h and 70 % debenzylation after allowing this mixture to react for 
160 h.  
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Figure 2.9 1H NMR spectrum of the products from reacting monomer M1 with 
NaN3 in DMSO-d6 after 1.5 h. [N3-]:[S+] = 20:1 [M1] = 23 mM. The scheme shows 
the debenzylation products in blue. 
 
Dealkylation was also examined using 2-mercaptopyridine (10) intended to 
accelerate the reaction and increase conversion under aqueous conditions. Due to the low 
pKa value of 2-mercaptopyridine in water, it is largely in the thiolate form in neutral water. 
To enhance monomer STS solubility in water, experiments were conducted in 0.5 M 
NaClO4 solutions in D2O, nothing that this non-nucleophilic salt did not participate in the 
debenzylation reaction. STS underwent complete dealkylation by reaction with 2-
mercaptopyridine ([SH]:[S+]=7.5; [M2]=23 mM; 0.5 M NaClO4 in D2O) after 15 h at room 
temperature and the debenzylation product 11 was confirmed by 1H-NMR spectroscopy 
(Figure 2.10). Under analogous conditions no changes to STMA were observed, 
confirming that the greater reactivity of STS hinges on the electron- withdrawing benzyl 
group, and correlating with our experiments employing NaN3 as the nucleophile. 
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Figure 2.10 1H NMR spectra from the reaction of monomer M1 and 2-
mercaptopyridine (MP) after 15 h ([MP]:[S+]=7.5, [M1]=23 mM, in 0.5 M NaClO4 in 
D2O). Spectrum of supernatant after reaction (top) and spectrum of precipitate after 
dissolution in CDCl3 (bottom). The scheme shows the debenzylation reaction of 
monomer M1 with 2-mercaptopyridine; debenzylation products are shown in blue. 
 
 
Furthermore, these results demonstrate that styrenic monomer M1 reacts with 
thiolate anions in aqueous environments under mild conditions, i.e., low temperatures and 
mild pH values. We further evaluated the reaction of monomer M1 with cysteine (12) at 
different pH values. Since the thiol group of cystein has a higher pKa value than 2-
mercaptopyridine, we evaluated the reaction kinetics across the pH 5-10 range. The 
reactions were carried out in aqueous solutions with a non-nucleophilic salt, in this case 
NaNO3, which enhanced the solubility and stability of monomer M1. To adjust pH, small 
amounts of a NaOD 10 wt% in D2O solution were added. We observed a direct correlation 
between the pH value and the extent of debenzylation observed by 1H NMR spectroscopy 
(Figure 2. 11). At the lowest pH value examined, no debenzylation was observed over a 4 
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h period. On the other hand, at pH > 5, significant debenzylation occurred, the extent of 
which correlation with the pH of the reaction mixture.  
 
Figure 2.31 Kinetics of nucleophilic substitution of monomer M1 with L-cysteine.  
[Cys]:[S+] = 5:1 [S+]= 23 mM. pH was adjusted with NaOD. The scheme shows the 
debenzylation reaction of M1 with cysteine and products are shown in blue. 
 
Altogether, understanding the reactivity of monomers M1 and M2 towards 
nucleophiles was a crucial precursor to guide the selection of polymerization conditions, 
and for realizing opportunities to exploit the reactivity of polymeric sulfothetin zwitterions 
as starting materials for post-polymerizaton modification and for preparing soft materials 
with reactive groups at fluid-fluid interfaces. 
2.4 RAFT Polymerization of Sulfothetin-containing Monomers 
The surprisingly low water solubility of sulfothetin M1 (STS) impeded its 
polymerization under conventional aqueous RAFT conditions. Instead, M1 was 
polymerized in 2,2,2-trifluoroethanol (TFE), one of the few organic solvents suitable for 
polymer zwitterions,4,5 and useful for sulfothetins due to its low nucleophilicity.45 RAFT 
polymerization of STS was conducted using 4-cyano-4-(phenylcarbonothioylthio) 
pentanoic acid (14, CPDB) or 4-cyano-4-[(dodecylsulfanylthio carbonyl) sulfanyl] 
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pentanoic acid (15, CPTTC) as chain-transfer agents (CTAs), and 4,4′-azobis(4-
cyanopentanoic acid) (16, ACVA) as initiator (Table 2.1). 
Polymerization of M1 using the dithiobenzoate “CPDB” chain transfer agent 
presented challenges; low monomer conversion (~60%) and high dispersity products were 
obtained at monomer concentrations of 1.8 M (Table 2.1, entries P1-3). Polymer products 
with narrow molecular weight distributions were only achieved at lower monomer 
concentrations (i.e., 1.2 M) and stopping the polymerization at 6 h, but at the cost of 
unacceptably low monomer conversion (~20% Table 2.1, entry P4). 
RAFT polymerization of M1 using the trithiocarbonate “CPTTC” chain transfer 
agent produced polymers with relatively narrow and monomodal molecular weight 
distributions (Ð < 1.30, Ð = M¯w/M¯n) and high monomer conversion (> 90%) after 15 h. 
The superior performance of CPTTC over CPDB is likely due to faster re-initiation of the 
R group in CPTTC, similar to that reported for trithiocarbonate-mediated RAFT of other 
styrenic monomers.46 
 The polymerization of M1 in TFE using CPTTC (Figure 2.12) exhibited pseudo-
linear kinetics up to about 80% conversion, beyond which the polymerization rate 
decreased, possibly due to low monomer concentration at this stage of the polymerization. 
GPC traces revealed monomodal distributions and dispersity values remained < 1.3 up to 
90% conversion. A typical 1H NMR spectrum of the obtained polymers in TFE-d3 is 
presented in Figure 2.13. 
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Table 2.1 Representative data for the homopolymerization of monomer M1 via 
RAFT polymerization in 2,2,2-trifluoroethanol 
 
 
Entry CTA [M]0:[CTA]: [ACVA] 
[M]0 
(M) 
Monomer 
Conversion 
(%)a 
M¯nb 
(kDa) Ð
b 
P1 CPDB 196:1:0.2 1.8 69 52.6 1.89 
P2 CPDB 300:1:0.2 1.8 66 41.9 1.90 
P3 CPDBc 150:1:0.1 1.7 56 25.2 1.25 
P4 CPDBc 150:1:0.2 1.2 21 11.7 1.10 
P5 CPTTC 40:1:0.2 1.8 95 8.8 1.20 
P6 CPTTC 100:1:0.2 1.8 95 18.3 1.22 
P7 CPTTC 160:1:0.2 1.8 95 28.9 1.28 
aEstimated from the 1H NMR spectrum of the crude polymerization product; bestimated 
from SEC measurements of the purified polymer product in TFE using PMMA standards; 
cthese polymerizations were terminated after 6 h.  
 
Sulfothetin methacrylate monomer STMA exhibited excellent solubility in aqueous 
salt solutions (approaching 1 M), allowing for aqueous RAFT polymerization to be 
conducted. The polymerizations were conducting using the dithiobenzoate 4-cyano-4-
(phenylcarbonothioylthio) pentanoic acid (14, CPDB) as the chain transfer agent, and 2 
different aqueous solutions 0.5 M NaBr(aq) or Na2SO4(aq) were tested as polymerization 
solvents. Both solvents proved suitable for the preparation of PSTMA with narrow 
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molecular weight distributions (Table 2.2). Limitations were reached when attempting to 
synthesize polymers with M¯n > 50 kDa (i.e., [M]0:[CPDB]=300), as only low monomer 
conversion (Table 2.2, entry P10) or uncontrolled polymerization (Table 2.2, entry P13) 
occurred. 
 
Figure 2.42 Kinetics of RAFT polymerization of M1, using CPTTC as chain transfer 
agent in TFE at 70 °C ([M]0:[CPTTC]:[ACVA]= 160:1:0.2, [M]0=1.7 M):  Evolution 
of M¯n (filled squares) and dispersity (empty squares) with monomer conversion (left) 
and pseudo-first order kinetics plot (right). 
 
 
Figure 2.13 Representative 1H NMR spectrum of PSTS obtained from the RAFT 
polymerization of M1 with CPTTC. Spectrum recorded in TFE-d3. 
 
Remarkably, when the polymerizations were conducted in 0.5 M Na2SO4(aq), 
products with very narrow molecular weight distributions (i.e., Ð < 1.1) were obtained 
(Table 2.2, entries P11 and P12). For hence, the polymerization of sulfothetin monomer 
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M2 in Na2SO4(aq) was examined further (Figure 2.14) to reveal linear pseudo-first order 
kinetics. Molecular weight increased linearly with monomer conversion and dispersity 
values remained < 1.1 during the entire course of the polymerization, indicating a well-
controlled polymerization process. A representative 1H NMR spectrum of the obtained 
polymeric sulfothetins in 0.5 M NaCl in D2O is presented in Figure 2.15. 
Table 2.2 Representative data for the homopolymerization of monomer M2 via 
aqueous RAFT polymerization. 
 
 
Entry Salt 
[M]0:[CPDB]: 
[ACVA] 
Monomer 
Conversion 
(%)a 
M¯n b 
(kDa) 
Ð b 
P8 NaBr 177:1:0.2 88 64.9 1.15 
P9 NaBr 70:1:0.2 49 23.7 1.22 
P10 NaBr 300:1:0.2 39 34.4 1.21 
P11 Na2SO4 177:1:0.2 94 50.6 1.08 
P12 Na2SO4 106:1:0.2 99 28.8 1.07 
P13 Na2SO4 300:1:0.2 98 55.4 2.61 
aEstimated from the 1H NMR spectrum of the polymerization crude. bEstimated from SEC 
measurements in TFE using PMMA standards.  
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Figure 2.14 Kinetics of RAFT polymerization of M2 in aqueous 0.5 M Na2SO4 
solutions at 70 °C ([M]0:[CPDB]:[ACVA]= 177:1:0.2, [M]0=0.7 M): Evolution of 
number-average molecular weight (M¯n, filled squares) and dispersity (empty 
squares) with monomer conversion(left) and pseudo-first order kinetics plot (right). 
 
Figure 2.15 Representative 1H NMR spectrum of PSTMA obtained from the RAFT 
polymerization of M2 with CPDB. Spectrum recorded in 0.5 M NaCl in D2O. 
2.5 Solution Properties of Sulfothetin-containing Polymers and Comparison to 
Sulfobetaine-containing Polymers 
The RAFT protocols presented in the previous sections allowed for the preparation 
of well-controlled polymeric sulfothetins PSTS and PSTMA. We expected these polymers 
would exhibit temperature-dependent water solubility as well as behave as “antipo-
lyelectrolytes”, namely, we expected to observe enhanced solubility in aqueous salt 
solutions relative to pure water. 
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Table 2.3 Cloud point temperatures of selected polymeric sulfothetins and 
sulfobetaines measured in water and in 50 mM NaNO3(aq) 
 
 
Polymer X¯na 
Polymer 
concentration 
(mg mL-1) 
Cloud point 
in water (°C) 
Cloud point in 50 
mM NaNO3(aq) (°C) 
P14(PSTS) 86 0.5 80 58 
PSB1 81 0.5 48 Soluble 
P15(PSTMA) 178 10 61 Soluble 
PSB2 144 10 26 Soluble 
aNumber-average degree of polymerization estimated by SEC eluting in TFE relative to 
PMMA standards; b no change on transmittance was observed at temperatures as low as 0 
°C. 
 
The solution properties of these polymer sulfothetins were compared to 
sulfobetaine analogues PSB1 and PSB2 (Figure 2.16, Table 2.3), using turbidimetry 
measurements. Polymer dispersions or solutions were prepared either in pure water or 
aqueous salt solutions, in quartz cuvettes, and the mixtures were heated at inside a UV-vis 
spectrometer. After equilibration, the mixtures were cooled at a controlled rate while 
recording transmittance and the temperature at which the percent transmittance started 
decreasing was taken to be the cloud point temperature. The polymers for these studies 
were prepared using the dithiobenzoate CPDB (14) chain transfer agent to avoid 
discrepancies from the polymer chain-ends (Table 2.3). Additionally, the polymers with 
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the same backbones (i.e., P14 vs. PSB1, and P15 vs. PSB2) were prepared with relatively 
similar molecular weights. 
Both P14 and P15 exhibited cloud point temperatures about 30 °C higher than the 
sulfobetaine versions (Figure 2.16, Table 2.3). In the presence of 50 mM NaNO3(aq), the 
UCST of P14 decreased by 22 °C, while all other samples became soluble over the entire 
temperature range (Table 2.3). Thus, polymeric sulfothetins exhibit an “anti-
polyelectrolyte” behavior typical of polymer zwitterions. As expected, P14 and PSB1, 
possessing hydrophobic styrenic backbones, presented higher cloud points than the 
methacrylate structures. On the other hand, the higher cloud point temperatures of 
polymeric sulfothetins P14 and P15 over PSB1 and PSB2 were unexpected, since 
sulfobetaines carry an additional hydrophobic alkyl group in their cation segment. 
Interestingly, literature reports on ionic liquid (IL) miscibility in water show similar trends, 
where ammonium-based ILs have greater miscibility in water than the corresponding 
sulfonium-based ILs with fewer carbon atoms.47 Greater hydrogen bonding affinity with 
water and larger charge distribution in the ammonium center are thought responsible for 
the greater miscibility of the IL based on these cations.47 Furthermore the presence of the 
additional methyl group in the ammonium cation of polymer sulfobetaines may sterically 
hinder zwitterionic dipole pairing, and therefore result in lower cloud points relative to the 
polymeric sulfothetins. Thus, the presence of sulfonium cations in polymeric zwitterions 
decreases their water solubility, allowing for the preparation of materials with high UCST 
values. 
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Figure 2.5 Representative turbidimetry measurements of selected polymeric 
sulfothetins and sulfobetaines. (Top) Turbidity curves in water for P14 (filled blue 
squares) and PSB1 (empty blue squares) at 0.5 mg/mL and P15 (filled black circles) 
and PSB2 (empty black circles) at 10 mg/mL (data collected during cooling). 
(Bottom) Turbidity curves for P14 at 1 mg/mL in NaNO3(aq) solutions of different 
concentrations: 50 mM (squares), 100 mM (circles) 250 mM (triangles) (data 
collected during cooling). 
2.6 Nucleophilic Substitution of Sulfothetin Monomers and Polymers  
The presence of sulfonium cations in polymer zwitterions obtained from M1 and 
M2 opens opportunities for post-polymerization chemistries not available to conventional 
polymer zwitterions. Although enhanced reactivity of M1 and M2 with different 
nucleophiles was observed in DMSO over water, all of the polymeric sulfothetins prepared 
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were insoluble in this polar aprotic solvent, therefore all the experiments presented in this 
section were conducted in aqueous solutions. 
The reactivities of polymer sulfothetins PSTS and PSTMA were examined in D2O. 
Reacting PSTS with 2-mercaptopyridine ([SH]=0.18 M, [SH]:[S+]=7.5:1) afforded 
complete and regiospecific debenzylation in 15 h (Figure 2.17). The precipitated product 
was washed with D2O and characterized by 1H NMR spectroscopy in DMSO-d6 to confirm 
the composition of the debenzylation product P16 (Figure 2.17).   
 
Figure 2.6 1H NMR spectra of the reaction mixture of polymer sulfothetin PSTS 2-
mercaptopyridine in 0.5 M NaClO4(aq) in D2O. [SH]:[S+]=7.5, [2]=23 mM, Left: 1H-
NMR spectrum of the supernatant after reaction; right: spectrum of precipitate 
after drying and dissolution in DMSO-d6. The scheme shows the debenzylation 
reaction with products depicted in blue. 
 
In contrast, in the presence of 2-mercaptopyridine, the 1H NMR spectrum of a 
polymer sulfothetin based on M2 remained unchanged, suggesting the stability of these 
polymeric methacrylates at room temperature even in the presence of nucleophilic 
thiolates. The regiospecific nucleophilic dealkylation of polymers based on monomer M1 
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by thiolates in water presents an opportunity to prepare a wide variety of functional 
materials by post-polymerization modification. 
2.7 Summary and Future Outlook 
The work presented in this chapter contains the synthesis, solution properties, and 
reactivity of novel sulfonium sulfonate polymer zwitterions, or polymeric sulfothetins. 
Two different sulfothetin monomers were synthesized in multigram quantities, through the 
sulfopropylation of monomeric dialkyl sulfides. The corresponding polymers were 
prepared by RAFT polymerization using chain-tranfer agents that afforded well-controlled 
kinetics. Polymeric sulfothetins exhibited UCST behavior and “anti-polyelectrolyte” 
characteristics with cloud point temperatures higher than those of analogous ammonium-
based polymeric sulfobetaines, independent of their backbone chemical structures. The 
sulfothetin monomers and polymers are inherently reactive and the regioselectivity and 
rate of the nucleophilic dealkylation depends on the solvent, nucleophile, and presence of 
electron-withdrawing groups nearby the sulfonium cation. The intrinsic reactivity of 
sulfothetins allows for the preparation of functional polymer zwitterions without the need 
for copolymerization, end-group functionalization, or the inclusion of additional functional 
groups in the zwitterionic moiety and allows for post-polymerization modification into 
novel polymers. 
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CHAPTER 3 
 
3DOUBLE ZWITTERIONIC DIBLOCK COPOLYMERS BASED ON 
SULFOTHETIN POLYMERS 
 
3.1 Introduction 
Amphiphillic diblock copolymers form self-assembled structures when dispersed 
in solvents that preferentially solvate one of the blocks.1,2 This non-covalent, bottom-up, 
assembly process affords nanoscale structures (10-100 nm) and morphologies (spherical 
and worm-like micelles, bilayers, and vesicles) that are dictated by the interactions between 
the solvent and both blocks, the length of the blocks, and the presence of additives as ions 
or co-solvents.2–5 The obtained nanostructures are composed of cores of the poymeric block 
that exhibits poor solvation, which are surrounded by shells of the solventphilic block. 
These shells prevent aggregation of the nanostructures providing colloidal stability. When 
water is used as the selective solvent, these assemblies contain hydrophobic nanocontainers 
surrounded by hydrophilic shields, and find uses in the cosmetic and pharmaceutical 
industries.6–11 Smart diblock copolymers where the solvation of one, or both, responsive 
blocks is modulated by the application of an external stimuli have been utilized in 
nanoscale self-assembly.8,11–13 The stimuli can be applied through pH changes, electric and 
magnetic fields, addition of electrolytes or biologically relevant species (e.g., glucose, 
enzymes, and antigens) constituting an efficient way to reversibly trigger self-assembly 
processeses,14–16 nanostructure aggregation,17,18 and morphological changes.19  
Diblock copolymers in which one or both blocks are comprised of polymer 
zwitterions have been employed as building block for the preparation of nanostructures via 
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self-assembly in aqueous environments. Poly(2-methacryloyloxyethyl phosphorylcholine) 
(PMPC) is a highly hydrophilic and biocompatible water soluble polymer zwitterion, and 
it has been extensively used as a non-responsive block that provides enhanced colloidal 
stability and low cytotoxicity of the nanoscale assemblies.20–29 
Polymeric sulfobetaines (i.e., ammonium sulfonates)22,30–37 as well as polymeric 
sulfabetaines (i.e., ammonium sulfates)38,39 are temperature and salt-responsive polymer 
zwitterions that exhibit UCST and “anti-polyelectrolyte” behavior. These polymer 
zwitterions have been used as the responsive block in dual hydrophilic block copolymers, 
which form self-assembled nanostructures at low temperatures and salt concentrations due 
to the poor solvation of the polymeric betaine blocks.  
In a recent report, Armes, et al., synthesized nanostructures from poly([2-
(methacryloyloxy)-ethyl] dimethyl(3-sulfopropyl) ammonium hydroxide)-block-poly 
(hydroxypropyl methacrylate) (PSBMA-b-PHPMA) using RAFT polymerization-induced 
self-assembly. The obtained nanostructures exhibited excellent colloidal stability in water 
with high salt concentrations due to a well-solvated PSBMA hydrophilic shell. When the 
salt concentration of the medium was decreased, gelation was observed due to the poor 
solvation of the PSBMA coronas under these conditions.35 
Chapter 2 described the synthesis of novel sulfothetins (i.e., sulfonium sulfonate) 
monomers and polymers, that similarly to PSBMA exhibit UCST and “anti-
polyelectrolyte” behavior.40 Polymer sulfothetins exhibit higher cloud point temperatures 
when compared to analogous polymer sulfobetaines, suggesting stronger inter- and intra-
molecular dipole-dipole interactions. Additionally, sulfothetin-substituted polystyrene 
(PSTS) underwent fast nucleophilic debenzylation in aqueous solutions when subjected to 
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thiolates. Interestingly this process occurred at low temperatures (~ 25 °C) and intermediate 
pH values (i.e., 7-10).  
In this chapter, the preparation and self-assembly of double zwitterionic, salt-
responsive PMPC-b-PSTS diblock copolymers is described. First, a PMPC macro-CTA 
was synthesized by RAFT polymerization in TFE. Three PMPC-b-PSTS diblock 
copolymers were prepared with PSTS blocks of smaller, similar, and larger degree of 
polymerization (DP) than the PMPC block. These diblock copolymers were characterized 
by 1H NMR spectroscopy and SEC, while their self-assembly in water was probed as a 
function of the salt concentration, and further characterized by 1H NMR spectroscopy and 
dynamic light scattering (DLS). When dispersed in deionized water, the diblock formed 
supramolecular, sub-100 nm structures, with sizes determined by the DP of the PSTS 
blocks. At high salt concentrations, the diblock copolymers are present as unimeric chains 
in which both blocks were well solvated. A critical salt concentration for the nanostrcuture-
to-unimeric transition was measured and found to depend on the DP of the PSTS block. 
Finally, we demonstrated a reaction-triggered self-assembly of PMPC-b-PSTS diblock 
copolymers utilizing thiolate-induced nucleophilic debenzylation of the PSTS block. These 
novel diblock structures have numerous potential applications, including in 
encapsulation/delivery mechanisms, in which salt-triggered delivery of cargos is of useful. 
3.2 Preparation of Double Zwitterionic Diblock Copolymers. 
Double zwitterionic diblock copolymers were synthesized starting from a poly(2-
methacryloyloxyethyl phosphorylcholine) (PMPC) macromolecular chain transfer agent 
(macro-CTA). This macro-CTA was prepared by RAFT polymerization of MPC (M3) in 
TFE utilizing the dithiobenzoate CPDB (14) as the CTA and ACVA (16) as initiator 
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(Figure 3.1). Following a previous procedure utilized in our group, a monomer 
concentration of 16 wt%, and a MPC-to-CPDB-to-ACVA ratio of 50:1:0.2 were employed. 
The polymerization was carried out at 70 ºC, then quenched after 3 h. A monomer 
conversion of 66 % was calculated from the 1H NMR spectrum of crude product utilizing 
the relative integrations of the alkene signal of MPC at 5.6 ppm and the polymer backbone 
signals between 0.6 -1.3 ppm. The macro-CTA was precpiated in THF to remove any 
unreacted CTA and the TFE solvent. The recovered pink solid was dried under an air 
stream, dissolved in deionized water, and further purified by dialysis using a 3.5 kDa 
molecular weight cut off (MWCO) dialysis membrane, to remove residual MPC monomer. 
The macro-CTA was recovered as a pink cake after freeze drying for several days. 
Size exclusion chromatography (SEC) measurements of the obtained PMPC 
macro-CTA P17 using TFE as eluent revealed a narrow molecular weight distribution 
(Figure 3.1), a M¯n of 20.1 kDa and Ð (M¯w/M¯n) of 1.11 (relative to poly(methyl 
methacrylate) standards). As depicted in Figure 3.1, the 1H NMR spectrum of P17 
confirmed the presence of all expected signals for PMPC and a degree of polymerization 
(X¯n) of 38 was calculated by end-group analysis, utilizing the relative integration of the 
aromatic signals in the chain-ends (7.3-8.1 ppm) vs. the polymer backbone (0.5-2.3 ppm). 
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Figure 3.1 Synthesis of a PMPC-macroCTA by RAFT polymerization of MPC in 
TFE. Reaction scheme (top); SEC trace (left); and 1H NMR spectrum in TFE-d3 
(right) of P17. 
 
PMPC-b-PSTS double zwitterionic diblock copolymers were synthesized by the 
RAFT chain-extension of P17 with M1(Table 3.1). Three diblock copolymers P18-P20 
with increasing X¯n of the STS block were synthesized using monomer concentrations of 
c.a. 8 wt% (relative to the whole polymerization mixture) were utilized. The 
polymerizations were run for 14 h, with high monomer conversion (> 90%) observed in all 
cases, as calculated by 1H NMR analysis of the crude product using the relative integration 
of the alkene peaks of the STS monomer at 5.9 ppm and the polymer aromatic backbones 
between 6.1- 8.1 ppm. All polymers were purified by dialysis against 500 mM NaNO3(aq) 
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and deionized water utilizing a dialysis bag with a MWCO of 3.5 kDa and recovered as 
pink cakes by freeze drying. 
 
Table 3.1 Preparation of PMPC-b-PSTS diblock copolymers P18-P20 by RAFT 
chain extension of a PMPC-macroCTA with sulfothetin monomer M1 
 
 
Entry 
[M1]:[P17] 
:[ACVA] 
molar ratio 
[M1] 
(wt%) 
Target 
M1 
Cont. 
(mol%) 
M1
a
 
Conv. 
(%) 
M¯n
b
 
(kDa) Ð
b
 
M1
c
 
Cont. 
(mol%) 
Polymer Structure 
P17 ---- ---- 0 ---- 20.1 1.11 0 PMPC38 
P18 24:1:0.24 7.5 39 94.5 24.8 1.32 34 PMPC38-b-PSTS20 
P19 50:1:0.25 8.0 57 93.2 27.6 1.39 52.1 PMPC38-b-PSTS42 
P20 100:1:0.25 8.3 72 92.2 30.7 1.58 65.8 PMPC38-b-PSTS73 
a,c M1 conversion and content were estimated by 1H NMR analysis of the crude and pure 
products in 0.5 M NaNO3 in D2O, bestimated from SEC measurements in TFE using 
PMMA standards. 
 
Figure 3.2 shows the 1H NMR spectra of P18-P20 recorded in 0.5 M NaNO3 in 
D2O. All signals attributed to the PMPC (signals a-g in Figure 3.2) and PSTS (signals h-p) 
blocks were observed as expected as both blocks are readily soluble in aqueous salt 
solutions of high concentration. The PSTS content (mol%) was calculated from these 
spectra, using the relative integration of signals j and k for the PSTS block and signals f 
for the PMPC block. As shown in Table 3.1, the target and calculated content of the PSTS 
block are in close agreement, again suggesting the high solubility of both blocks.  
  49 
 
Figure 3.2 1H NMR spectra of PMPC-b-PSTS diblock copolymers P18-P20 recorded 
in 0.5 M NaNO3 in D2O. 
 
The SEC traces of the diblock copolymer P18-P20 recorded using TFE as eluent 
are presented in Figure 3.3 and are compared to the trace of the macro-CTA P17. As 
anticipated, a decrease in the retention times when increasing the X¯n of the PSTS block was 
observed, reflecting an increase of the diblock copolymer molecular weights. A broadening 
of the molecular weight distributions was also observed with increasing X¯n of the PSTS 
block, suggesting less effective control over the polymerization when targeting higher 
PSTS X¯n. Nevertheless, all copolymers exhibited Ð < 1.60 and were used to explored how 
theX¯n of the PSTS block, relative to that of the PMPC block, affects the self-assembly of 
these novel dual-zwitterionic diblock copolymers in aqueous salt solutions of different 
concentrations.  
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Figure 3.3 SEC traces of PMPC-b-PSTS diblock copolymers P18-P20 eluting in 
TFE. 
3.3 Self-assembly of PMPC-b-PSTS Double Zwitterionic Diblock Copolymers 
in Aqueous Solutions: Effect of Salt Concentration and PSTS X¯n 
As discussed in Chapter 2, PSTS homopolymers exhibit salt-dependent water 
solubility with “anti-polyelectrolyte” characteristics, meaning that at high salt 
concentration, dilute solutions of PSTS are homogeneous, while at low salt concentrations, 
cloudy, heterogeneous polymer dispersions are observed. By introducing PSTS into 
diblock copolymers with a highly water soluble and non-responsive PMPC block, we 
anticipated harnessing PSTS responsiveness to produce self-assembled, supramolecular 
structures in aqueous environments, composed of PSTS cores surrounded by PMPC shells. 
To study self-assembly the 1H NMR spectra of diblock copolymers P18-P20 was recorded 
in both a selective (D2O) and nonselective (0.5 M NaNO3 in D2O) solvent to observe the 
relative solvation of the blocks (Figure 3.4). For diblock P18, possessing the shorter PSTS 
block, no difference was observed in the spectra in either solvent. This suggests that both 
blocks of P18 are well solvated in D2O even though PSTS homopolymers are insoluble in 
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aqueous solutions in the absence of added salts, i.e., PMPC seems to have a solubilizing 
effect on PSTS in aqueous environments, reflecting the excellent water solubility of PMPC, 
which in this case seems to be hindering self-assembly. In contrast, for polymers P19-P20, 
the signals attributed to the PSTS blocks (signals indicated by arrows in Figure 3.4) are not 
observed in the spectra recorded in D2O. The absence of these signals in the 1H NMR 
spectrum suggests poor solvation of the PSTS block, while the absence of macroscopic 
precipitation, and the presence of PMPC signals suggests solvent-driven self-assembly into 
nanostructures.22,33 
 
Figure 3.4 1H NMR spectra of P18 (left), P19 (middle), and P20 (right) diblock 
copolymers recorded in a selective (D2O, bottom) and nonselective 0.5 M NaNO3 in 
D2O (top) solvent. The arrows indicate the signals attributed to the PSTS blocks.  
 
To further probe solution assembly, dynamic light scattering (DLS) measurements 
of P18-P20 solutions in both selective (deionized water) and nonselective (0.5 M 
NaNO3(aq)) solvents were performed. All measurements were done using a polymer 
concentration of 2 mg/mL. Figure 3.5 shows the intensity and number size distributions of 
P18 in both solvents. Multimodal intensity distributions were observed in both deionized 
water and 0.5 M NaNO3(aq). In contrast, the number size distributions are monomodal and 
hydrodynamic diameters (Dh) of ~13 and ~8 nm were measured in deionized water and 0.5 
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M NaNO3(aq), respectively. The presence of several modes in the intensity size distribution 
likely results from the presence of unimeric diblock copolymers (i.e., smaller size 
distributions) and larger aggregates. It has been reported that double hydrophilic block 
copolymers can phase separate and assemble when dissolved in nonselective solvents in a 
process similar to the phase separation of aqueous mixtures of water soluble homopolymers 
into aqueous multiphase systems.41–43 This process is due to small differences in the blocks 
hydrophilicity and hydration when dispersed in water. Quantification of the larger 
aggregates in a poly(ethylene oxide)-block-poly(2-methyl-2-oxazoline) dual hydrophilic 
diblock copolymers, using diffusion NMR spectroscopy, revealed that the larger 
aggregates account for only 2 % of the polymer chains.42 For P18, the absence of larger 
aggregates in the number size distributions similarly suggest a small contribution of these 
modes to the overall sample composition, and their appearance in the intensity distributions 
reflects the high sensitivity of this distribution to particles of larger particles. These results 
indicate that P18 is present mostly as unimers when dissolved in both NaNO3(aq) and 
deionized water, correlating to the 1H NMR studies presented previously. The X¯n of PMPC 
block in P18 is almost doubles that of the PSTS block, allowing to dominate the solution 
behavior in deionized water.  
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Figure 3.5 Intensity (solid squares) and number (empty squares) size distributions of 
P18 calculated from DLS measurements in 0.5 M NaNO3(aq) (left) and deionized 
water (right). The polymer concentration is 2 mg/mL and the reported sizes 
correspond to Dh. 
 
Figure 3.6 shows the intensity and number size distributions of P19 in both 0.5 M 
NaNO3(aq) and deionized water. Like observed for P18, P19 is present as unimers with Dh 
of ~8 nm (by number) with the presence of small amounts of larger aggregates when 
dispersed in a nonselective solvent. In contrast, when dispersed in deionized water, P19 
exhibits monomodal intensity and number size distributions with larger mean sizes (Dh = 
44 and 31 nm, respectively). The presence of larger particles, combined with the diblock 
architecture, suggests, that P19 self-assembles into supramolecular structures when 
dispersed in water. The poor solvation of the PSTS block in deionized water observed by 
1H NMR spectroscopy overcomes the hydrophilicity of PMPC to drive self-assembly. 
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Figure 3.6 Intensity (solid squares) and number (empty squares) size distributions of 
P19 calculated from DLS measurements in 0.5 M NaNO3(aq) (left) and deionized 
water (right). The polymer concentration is 2 mg/mL and the reported sizes 
correspond to Dh. 
 
A similar scenario was observed in DLS measurements of P20 dispersions, 
presented in Figure 3.7. Distributions attributed polymeric unimers were observed for the 
dispersion in 0.5 M NaNO3(aq), although the species were larger (Dh ~11 nm), which is 
consistent with longer PSTS blocks. The dispersions in deionized water displayed size 
distributions consistent with the self-assembly of P20 into nanoscale supramolecular 
structures, although again these structures were larger than those formed from P19 (Dh = 
82 nm vs. 44 nm, by intensity respectively) due to the larger X¯n of the PSTS block in P20. 
The hydrodynamic diameters for all of the diblock copolymers studied are summarized in 
Table 3.2 
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Figure 3.7 Intensity (solid squares) and number (empty squares) size distributions of 
P20 calculated from DLS measurements in 0.5 M NaNO3(aq) (left) and deionized 
water (right). The polymer concentration is 2 mg/mL and the reported sizes 
correspond to Dh. 
 
Table 3.2 Summary of the mean sizes (presented as Dh) of P18-P20 dispersed in  
selective and nonselective solvent 
Polymer Polymer Structure 
Dh in 
RO water (nm) 
Dh in 
in 0.5 M NaNO3(aq) (nm) 
Intensitya Number Intensitya Number 
P18 PMPC38-b-PSTS20 15 13 16 8 
P19 PMPC38-b-PSTS42 44 31 11 8 
P20 PMPC38-b-PSTS73 82 52 14 11 
aWhen multimodal distributions were obtained the reported value is the intensity mean 
size of the smallest mode. 
 
Figure 3.8 shows the intensity mean sizes and scattered intensity of P18-20 
dispersions ([polymer]= 2 mg/mL) at different NaNO3(aq). concentrations in the 0 to 500 
mM range. 
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Figure 3.8 Effect of the salt concentration on the hydrodynamic diameters (intensity 
mean of the smallest mode, filled symbols) and total scattered intensity (open 
symbols) of P18-P20 aqueous dispersions. [Polymer]= 2 mg/mL. 
 
As previously discussed P18 is present as unimers even when dispersed in 
deionized water, as is reflected by the small hydrodynamic size, and no significant change 
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was observed when increasing the salt concentration. On the other hand, P19 and P20 self-
assemble into nanoscale structures in deionized water. A two-step disassembly process is 
observed when increasing the salt concentration: at low salt concentrations a gradual 
decrease in both the intensity mean size and scattered intensity was observed for both P19 
and P20. After a critical salt concentration, the intensity mean sizes sharply decrease down 
to values indicative of unimeric chains. The measured sizes and scattered intensity remain 
constant with further increasing the salt concentration. The critical salt concentration at 
which disassembly was observed is a function of the X¯n of the PSTS block, and it was ~25 
mM for P19 and ~75 mM for P20. 
3.4 Reaction-induced Self-assembly of Dual Zwitterionic PMPC-b-PSTS 
Diblock Copolymers 
As previously discussed in Chapter 2, polymeric sulfothetin PSTS reacts efficiently 
with thiolates in aqueous environments. In the experiments described in section 2.6, we 
demonstrated that when in the presence of 2-mercaptopyridine (MP, 10) PSTS underwent 
nucleophilic debenzylation to produce polymer (P16) which is completely insoluble in 
neutral water, thus providing and additional handle to tailor the solvation of the PSTS block 
in aqueous environments. We hypothesized the debenzylation of PSTS to trigger the self-
assembly of PMPC-b-PSTS double zwitterionic diblock copolymers in aqueous salt 
solutions of high concentrations. First, we study the debenzylation of polymer P19 with 
MP in 0.5 M NaNO3 in D2O using 1H NMR spectroscopy. For this P19 and MP were 
separately dissolved in 0.5 M NaNO3 in D2O. The obtained solutions were mixed to obtain 
a MP-to-sulfonium ratio of 10:1 and a [P19] = 10 mg/mL. The mixture was immediately 
transferred into an NMR tube and the spectra were recorded over a period of 4 h is shown 
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in Figure 3.10. As expected, the initial spectrum (i.e., 0 min) shows all signals 
corresponding to both the PMPC and PSTS blocks (the latter are emphasized by the 
downward pointing arrows) as well as the four signals of the aromatic protons of MP 
observed between 7-8 ppm. The signals corresponding to the PSTS block decreased in 
intensity with increasing reaction time, until complete disappearance was observed at 240 
min. Simultaneously the signals for the small molecule debenzylation product (8, 
emphasized by the upward pointing arrows in Figure 3.10) increase in intensity. The 
intensity of the signals attributed to the PMPC block remained constant. These results 
combined with the diblock architecture of P19 suggest a self-assembly process occurs with 
the chemical modification of the PSTS block into a poorly solvated polymeric product. The 
absence of the PSTS signals, can be explained by either a complete debenzylation reaction, 
or partial debenzylation that confers an overall hydrophobic character to the PSTS block. 
The reaction-induced self-assembly was further probed by DLS measurements. First, P19 
and MP (10) were separately dissolved into 0.5 M NaNO3(aq) solutions. The obtained 
solutions were mixed to obtained a [SH]:[S+] ratio of 10:1 and a P19 concentration of either 
2 or 10 mg/mL, to study the effect of polymer concentration on the assembly process. DLS 
measurements were performed after 2 or 3 days after mixing. As a control, mixtures in 
which 2MP was not present were also kept for these times and evaluated. Figure 3.11 and 
3.12 show the intensity and number size distributions of the dispersions. In the absence of 
MP, P19 dispersions are composed of unimeric species (empty symbols in Figures 3.11 
and 3.12). with sizes below 10 nm. The size distributions of mixtures containing MP exhibit 
larger particle sizes of ~ 30 nm. The concentration of P19 (i.e. 2 vs. 10 mg/mL) does not 
significantly affect the size of the assemblies. The summary of the measured sizes is 
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presented in Table 3.3. The DLS experiments correlate with the 1H NMR studies and 
suggest that in the presence of thiolates P19 transition from a dual hydrophilic into an 
amphiphilic diblock copolymer due to the debenzylation of the PSTS block. These results 
provide evidence for harnessing the inherent reactivity of the novel polymeric sulfothetin 
PSTS, to fabricate nanoscale particles. 
 
 
Figure 3.9 1H NMR spectra of the reaction of P19 with MP in 0.5 M NaNO3 in D2O 
recorded at 0, 15, 120 and 240 min. The scheme shows the debenzylation of P19 with 
MP and the products are shown in blue. 
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Figure 3.10 Intensity (left) and number (right) size distributions of P19 after 
reaction with MP in 0.5 M NaNO3(aq) (filled smbols) for 2 days. [SH]:[S+]= 10:1 and 
[P19] = 2 mg/mL. Distributions for a negative control (no MP added) are presented 
for comparison (empty symbols). 
 
Figure 3.11 Intensity (left) and number (right) size distributions of P19 after 
reaction with MP in 0.5 M NaNO3(aq) (filled smbols) for 3 days.[SH]:[S+]= 10:1 and 
[P19] = 10 mg/mL. Distributions for a negative control (no MP added) are presented 
for comparison (empty symbols). 
 
Table 3. Intensity mean sizes (Dh) of the self-assembled structures obtained from 
reactions of P19 with MP 
Entry [MP]: [S+] 
[P19] 
(mg/mL) 
Reaction 
time (d) 
Dh 
(nm) 
1 10:1 2 2 29 
2 10:1 10 3 32 
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3.5 Summary and Future Outlook 
The work presented in this chapter describes the preparation and solution properties 
of double zwitterionic, stimuli-responsive PMPC-b-PSTS diblock copolymers. Three 
different diblock copolymers containing PSTS blocks with shorter, similar, or larger 
degrees of polymerization relative to the PMPC block were prepared by RAFT 
polymerization. The polymer compositions and size distributions were characterized using 
1H NMR spectroscopy and SEC, respectively. The solution properties of PMPC-b-PSTS 
diblcok copolymers were studied in both selective and nonselective solvents, and the 
solvation of the blocks was probed using 1H NMR spectroscopy and state of the polymeric 
chains (i.e., unimeric vs. self-assembled) by DLS. In deionized water, a selective solvent 
for the PMPC block, PMPC-b-PSTS diblock copolymers self-assemble into nanostructures 
with sizes determined by the X¯n of the PSTS block. Increasing the salt concentration of the 
aqueous solutions triggered a nanostructure-to-unimer transition in with a critical salt 
concentration for disassembly also dictated by the degree of polymerization of the PSTS 
block. In addition, we provided experimental evidence for a reaction-induced self-
assembly process, harnessing the reaction of PSTS with thiolate nucleophiles. These novel 
diblock structures have potential applications in encapsulation applications, where salt- and 
chemically- triggered release of cargo is of use.  
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CHAPTER 4 
 
4PREPARATION OF SUPRACOLLOIDAL FIBERS FROM OIL-IN-WATER 
EMULSIONS STABILIZED BY SULFOTHETIN POLYMERS 
4.1 Introduction 
Chapters 3 and 4 we described strategies for the preparation of sulfonium-
containing polymeric zwitterions that constitute novel materials with high cloud point 
temperatures and allow for the preparation of salt-responsive nanoscale assemblies. The 
“smart” characteristics of these systems stem from the presence of inter- and intramolecular 
zwitterionic pairings in polymeric sulfothetins. 
Most synthetic polymer zwitterions are amphiphilic since they commonly contain 
hydrophobic polymer backbones and hydrophilic zwitterionic pendant groups. This chapter 
describe methods for harnessing both the strong zwitterion pairings and the amphiphilicity 
of polymeric sulfothetins for the preparation of salt-responsive oil-in-water (o/w) 
emulsions, and their processing into supracolloidal, soft fibers.  
Emulsions are mixtures of two immiscible liquids where one liquid is dispersed as 
small droplets in a continuous phase of the second liquid. Standard surfactants modify the 
liquid-liquid interface to slow undesired droplet flocculation and coalescence, thus 
preventing macrophase separation. Stimuli-responsive surfactants endow colloidal systems 
with the ability to respond to different external fields such as changes in pH, light, magnetic 
fields, and other stimuli.1 Such responses provides a trigger for on demand droplet 
aggregation or coalescence. Interacting droplets with a reversible mechanism of 
aggregation have been recently explored as building blocks for supracolloidal materials. In 
their aggregated state, these aggregated or gelled emulsions (also termed engineered 
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emulsions) can processed into fibers, monoliths, and porous materials by casting,2–4 
extrusion,3,5 3D printing,3,6–9 and wet-spinning methods.10 
Amphiphilic, stimuli-responsive polymeric surfactants can drive droplet 
aggregation on demand while preventing coalescence. These polymers exhibit multivalent 
inter-droplet interactions (such as hydrogen bonding, hydrophobic and van der Waals 
interactions, electrostatic attraction, or ionic crosslinking) that induce droplet aggregation, 
while providing a barrier against coalescence. Early reports of the use polymeric 
surfactants that induce droplet gelation employed poly(N-isopropylacrylamide)-co-
poly(ethylene glycol methacrylate) (PNiPAM-co-PEGMA) as “smart,” temperature-
responsive surfactant copolymers. Emulsions pstabilized with these copolymers gelled in 
response to increasing temperature.11,12 Other reports describe emulsions stabilized with 
branched surfactant copolymers of poly(ethylene glycol methacrylate) and 
poly(methacrylic acid) (PEGMA-co-PMA).3,13 These emulsions aggregated under acidic 
conditions due to inter-droplet hydrogen bonding between carboxylic acid groups of PMA 
and ethers groups of PEGMA. These aggregated emulsions were amenable to mold-casting 
into soft monoliths of various shapes, whose disassembly was triggered by increasing pH. 
In another example binary mixtures of droplets stabilized by the polyanion poly(2-
(sulfobenzoic acid)ethyl methacrylate) (PSHEMA), and the pH-responsive polycation 
poly(2-(dimethylamino)ethyl methacrylate) (PDMA), exhibited pH-responsive 
aggregation. At low pH values, these  droplet mixtures aggregated due to polyelectrolyte 
attractions, while at high pH, PDMA neutralization disrupted the aggregates.2 In both 
cases, protonation (of PMA or PDMA) and compositions (PMA-to-PEGMA or PDMA-to-
PSHEMA molar ratios) needed careful optimization to achieve droplet aggregation by 
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hydrogen bonding13 or electrostatics;2 given that an imbalance of charges could 
electrostatic repulsion or steric stabilization preventing droplet gelation. In a different 
system, emulsions stabilized with poly(4-vinylphenylboronic acid) gelled by inter-droplet 
hydrogen bonding,14 wherein adding hydrogen bond-forming alcohols to the continuous or 
dispersed phases interrupted gelation. Sophisticated examples of droplet aggregation 
include complexation of biotin-functionalized droplets with streptavidin in the continuous 
phase15 as well as DNA-directed droplet aggregation.16 Responsive pickering emulsions 
were also prepared by incorporating polymer ligands onto nanoparticle surfactants, through 
interactions with molecules in the continuous phase or via depletion forces.6–9,17  
As described in Chapter 1, polymer zwitterions (PZWs) are composed of monomer 
units with balanced positive and negative charges. PZWs are hydrophilic, biocompatible, 
and are often regarded as “slippery” (i.e., non-interacting), and thus find applications in 
drug delivery18 and as non-fouling coatings,19,20 such as for water purification 
membranes.21 Some PZWs are temperature and salt-responsive, and exhibit upper critical 
solution temperature (UCST) and “anti-polyelectrolyte” effects arising from intra- and 
inter-molecular zwitterion pairings.  These interactions are disrupted with increasing 
temperature or in the presence of salt.22 These characteristics translate to solid-liquid 
interfaces, where PZWs have been used as brushes23–26 and polymer ligands for 
nanoparticles.27–29 The responsive behavior of PZWs depends on their backbone chemistry 
and molecular weight.30,31 Although most PZWs are inherently amphiphilic, with 
hydrophilic zwitterions strung pendent to hydrophobic backbones, some are extremely 
hydrophilic and hence do not exhibit surfactant characteristics.32,33 
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In collaboration with Dr. Rachel Letteri, we developed PZW-stabilized responsive 
emulsions that coalesce34 or aggregate/disaggregate on demand.35 Sulfonium-containing 
PZWs stabilized oil-in-water  emulsions at low polymer concentrations (i.e., < 1 mg/mL), 
which aggregated at salt concentrations < 100 mM,35 reflecting their high UCSTs and 
critical salt concentrations.36 Since most surfactants used to fabricate emulsions with 
tunable aggregation/disaggregation respond to pH changes, or magnetic or electric fields,1 
these PZW-stabilized smart droplets constitute a unique example of salt-responsive 
functional colloids. This chapter describes a simple method to prepare macroscopic, all-
liquid, supracolloidal fibers composed of oil-in-water droplets gels stabilized with 
sulfonium-containing PZWs (Figure 4.1). Stable oil-in-water emulsions were obtained first 
by the emulsification of oils using polymeric sulfothetin surfactants PSTS and PSTMA. 
When emulsions were prepared at low salt concentrations, and allowed to sediment, 
droplet-based networks were afforded. Simply extruding these droplet networks, through 
blunt needles, into water reservoirs led to the formation of soft, stable, robust fibers. Optical 
and fluorescence microscopy revealed the fibers to be composed of aggregated droplets, 
with no significant coalescence resulting from the extrusion process. Droplet 
disaggregation and fiber disruption were triggered by increasing the salt concentration on 
the reservoir. The ability to form fibers hinged on the rheological properties of the initial 
emulsions as well as the inter-droplet adhesion energy, which are a function of the salt 
concentration and the polymer composition. Fibers prepared from emulsions stabilized 
either PSTS or PSTMA disaggregated at different salt concentrations, opening a route to 
selectively triggered fiber disassembly. Additionally, sequential loading and extrusion of 
emulsions containing dispersed phases of different compositions, produced fibers with 
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variant composition along their length. Finally, harnessing the reactivity of polymeric 
sulfothetin PSTS, covalently crosslinked fibers that remain stable at high salt concentration 
were prepared. 
 
Figure 4.1 Preparation of supracolloidal fibers from PZW-stabilized o/w emulsion 
gels. a) PSTS or PSTMA is dispersed in water and mixed with oil; b) after 
emulsification and sedimentation, a PZW-stabilized droplet gel is obtained at the 
bottom of the vial; c) the supernatant is discarded and the droplet hydrogel is 
loaded into a syringe and extruded through a needle into a water reservoir to obtain 
supracolloidal fibers; d) these fibers are disrupted upon addition of salt into the 
water reservoir. 
4.2 Polymers Utilized in this Chapter. 
The polymeric sulfothetins used in this chapter were prepared by the methods 
described in Chapter 2.36 The number average molecular weight (M¯n) and dispersity (Ð) of 
this polymers, estimated from SEC measurements, are presented in Table 4.1. 
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Table 4.1 Polymeric sulfothetins used as surfactants in this chapter 
 
 
Polymer M¯n 
(kDa) a 
Ða 
P22 6.3 1.19 
P23 11.3 1.21 
P24 25.2 1.25 
P25 50.6 1.08 
P26 28.8 1.07 
a aEstimated from SEC measurements conducted in TFE as the mobile phase and 
calculated relative to PMMA standards. 
4.3 Responsive Oil-in-Water Droplet Networks Prepared from Polymeric 
Sulfothetins. 
Preliminary work performed in collaboration with Dr. R. Letteri demonstrated the 
ability of polymer sulfothetins to stabilize salt- and temperature-responsive oil-in-water 
emulsions.35 These emulsions flocculate, without coalescence, when the salt concentration 
in the continuous is below ~ 150 mM, and produce stable droplet network gels when 
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allowed to sediment. The photographs shown in Figure 4.2 evidence the impact of salt 
concentration in this process. Emulsions were prepared by mixing 1,2,4-trichlorobenzene 
(TCB), a halogenated oil with a density higher than water, with aqueous dispersions of P22 
([P22] = 5 mg/mL) in NaNO3(aq) solutions with concentrations ranging from 50 to 500 mM. 
After vortexing the oil-water-polymer mixtures, droplets where obtained which 
sedimented. After supernatant removal the emulsions were evaluated by the vial inversion 
test. Mixtures prepared with initial oil volume fractions φoil,0 = 0.5 concentrated into 
emulsion gels with final oil fractions φoil > 0.71 upon sedimentation. Emulsions prepared 
with high salt concentrations (> 200 mM NaNO3(aq)) in the continuous aqueous phase were 
composed of stable droplets (no flocculation or coalescence was observed) that flowed 
upon vial inversion.  
 
Figure 4.2 Photographs of TCB-in-water emulsions stabilized by P22 ([P22]= 5 
mg/mL, φoil  > 0.71) prepared at different concentrations of NaNO3(aq) in the 
continuous phase: a) 50, b) 100, c) 150 , d) 200, and e) 500 mM. Photographs were 
taken 1.5 h after emulsion preparation (left) and after removal of the supernatant 
and vial inversion (right).  
 
We hypothesize that this liquid-like behavior is due to the steric repulsion and non-
fouling behavior induced by the presence of PZWs at the oil-water interface (Figure 4.2 d-
e). At lower salt concentrations (< 150 mM NaNO3(aq)), clumping and sedimentation of the 
droplets afforded emulsion gels that were self-supporting upon vial inversion and did not 
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flow for at least 12 h (Figure 4.2 a-c). Clumping and aggregation of these droplets at low 
salt concentrations is likely due to inter-droplet zwitterion pairing at the fluid-fluid 
interface.22These results suggest that the salt-dependent solubility of polymeric sulfotetins, 
discussed in Chapter 2, translates into oil-water-interfaces to produce responsive 
emulsions. These sulfonium sulfonate polymers are unusual examples of PZWs, since they 
1) contain sulfur-based cations, unlike most PZWs in which the cationic component is 
nitrogen-based and 2) are particularly salt-sensitive, likely due to strong zwitterion pairing. 
4.4 Extrusion of Sulfothetin stabilized o/w Emulsions into Supracolloidal Fibers 
Due to the multivalent nature of interdroplet interactions, we hypothesized that 
these droplet-based gels would be useful starting materials for fabricating soft, 
macroscopic supracolloidal objects by extrusion. To demonstrate this experimentally, 
droplet gels were drawn into 1 mL syringes and extruded through blunt-tipped needles into 
pure water or aqueous salt solutions. Before extrusion, the syringes were tapped gently to 
dislodge any air bubbles and allow the gel to flow to the bottom of the syringe. As shown 
in Figure 4.3a, simply extruding the aggregated droplet gels through a blunt needle into 
water contained in a glass dish afforded fiber-like droplet assemblies. The fibers rested at 
the bottom of the dish, and capably resisted small disturbances remaining intact when the 
dish was gently agitated. Optical and fluorescence micrographs of the obtained fibers, 
shown in Figures 4.3b and c, respectively, confirmed the fibers to be composed of oil 
droplets with diameters < 80 µm. Droplet coalescence, which would produce much larger 
droplets in the bottom of the dish, was not observed.  
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Figure 4.3 Extrusion of o/w emulsion gels stabilized with P22 (M¯n = 6.3 kDa; [P22] = 
5 mg/mL; oil phase = TCB; [NaNO3(aq)] = 50 mM; φoil = 0.65) through a 14 gauge 
needle (length = 12.7 mm; ID = 1.55 mm) into a Petri dish containing deionized 
water: a) photographs of the extrusion process and resultant droplet fibers; b) 
optical and c) fluorescence micrographs of droplet fibers extruded from an 
analogous emulsion prepared with a TCB solution of Nile Red (1 mg/mL) as the 
dispersed phase. 
 
As illustrated in Figure 4.4 we were able to obtained fibers of diverse diameters 
extrusion of PZW-stabilized droplet networks through needles of inner diameter (ID) 
ranging from 1.55 to 0.16 mm. Fibers were extruded easily through needles with ID down 
to 0.26 mm by gently pushing the syringe barrel by hand. However, extrusion through a 30 
gauge needle (ID = 0.16 mm) was difficult to control by hand, affording a combination of 
short fibers and ill-defined droplet aggregates. 
We also examined the effect of the salt concentration of PZW-stabilized emulsions 
on their ability to form fibers when extruded into water (Figure 4.5). Only the emulsions 
prepared at salt concentrations ≤ 150 mM (i.e., attractive emulsions that form droplet 
networks) afforded fibers upon extrusion (Figure 4.5a-c).  
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Figure 4.4 Fibers obtained by extrusion of o/w emulsion gels stabilized with P22 
([P22] = 5 mg/mL, oil phase = 1 mg/mL Nile Red in TCB, [NaNO3(aq)] = 50 mM, φoil 
= 0.65). Extrusion was performed through needles of different gauges and inner 
diameters (ID ranges from 0.16 to 1.55 mm). (top row) Photographs of obtained 
fibers; (middle row) optical micrographs of obtained fibers; (bottom row) 
fluorescence micrographs of the fibers. 
 
When emulsions prepared in ≥ 200 mM aqueous salt were extruded, fiber formation 
was not observed; instead, the emulsions redispersed and flowed to the bottom of the 
container, and were not strongly adhered to one another. Interestingly, when the container 
was shaken to promote contact between the droplets, and dilute the salt throughout the 
solution, droplet adhesion was observed and droplet aggregates were observed, albeit ill-
defined in shape. (Figure 4.5d,e). 
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Figure 4.5 Photographs of extrudates of TCB-in-water emulsions gels stabilized by 
polymer P22 (φoil >0.71, M¯n = 6.3 kDa, [P22] = 5 mg/mL) into water. The emulsions 
were prepared with different salt concentrations in the continuous phase: a) 50, b) 
100, c) 150, d) 200 and e) 500 mM NaNO3(aq). All emulsions were extruded into a 
glass-bottom Petri dish containing 3 mL of deionized water through an 18 gauge (ID 
= 0.84 mm), 12.7 mm long, blunt needle. 
4.5 Salt-triggered Disassembly of Supracolloidal Fibers 
The polymer sulfothetins utilzed in this work as surfactants, have the characteristic 
of exhibiting enhanced solubility at high salt concentrations, which is due to a disruption 
in the d The polymeric  sulfothetins utilized as surfactants, exhibit enhanced solubility in 
concentrated aqueous salt solutions, due to the disruption of inter- and intramolecular 
interactions present in these polymers.22,36 In order to probe if this property could be 
harnessed to trigger disaggregation of PZW-stabilized droplet fibers, we extruded fibers 
into salt-free water reservoirs and controlledly adjust the salt concentration in them, and 
the results are shown in Figure 4.6. Emulsions ([P22] = 5 mg/mL, [NaNO3(aq)] = 50 mM, 
and φoil = 0.65) were extruded through a needle (ID = 1.55 mm) into 3 mL of water. After 
fiber formation, 3 mL of 1 M NaNO3(aq) was added to the Petri dish to raise the NaNO3(aq) 
concentration to 500 mM. Over the course of 5 min, the fibers cracked and deformed 
(Figure 4.6c). When the dish was lightly agitated, the fibers disassembled to yield 
dispersed, non-interacting droplets (Figure 4.6d). This result shows the salt-responsive 
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behavior of the droplet fibers which correlates with the salt-enhanced solubility of 
polymeric sulfothetins. 
 
Figure 4.6 Photographs of the triggered disaggregation of PZW-stabilized emulsion 
fibers. a) Fibers were obtained by extruding emulsions stabilized with P22 ([P22] = 5 
mg/mL, oil = TCB, [NaNO3(aq)] = 50 mM, φoil = 0.65) through a 14 Gauge needle 
(length = 12.7 mm long, ID = 1.55 mm) into a Petri dish containing 3 mL of 
deionized water. b) 3 mL of 1 M NaNO3(aq) was added to the Petri dish to afford a 
[NaNO3(aq)]= 500 mM. c) Fibers after 5 min. d) Gently agitating the dish under these 
aqueous conditions caused fiber breakup and droplet dispersion. 
4.6 Effect of the Salt Concentration on the Rheological Properties of 
Sulfothetin-stabilized Emulsions 
To enhance our understanding of how the salt concentration in the continuous phase 
affects the properties of emulsions stabilized by polymeric sulfothetins, we studied the 
visco-elastic properties of model networks prepared at different NaNO3(aq) concentrations 
using shear rheometry. All the rheological measurements were conducted by Dr. Antonio 
Perazzo, and a series of three emulsions prepared with aqueous phases composed of [PSTS] 
= 10 mg/mL, and NaNO3(aq) concentrations of 50, 100 and 200 mM. Instead of the 
emulsification and sedimentation method presented in section 4.2, the emulsions for the 
rheological experiments were prepared with high oil volume fractions (φoil = 0.8), which 
allowed us to obtain an emulsion set with identical oil volume fractions, and polymer 
concentrations, in which the only variable was the salt concentration present in the aqueous 
continuous phase.  
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Figure 4.7 Rheological properties of P22-stabilized emulsions (φoil = 0.80, [P22] = 10 
mg/mL, oil = TCB) prepared with various NaNO3(aq) concentrations: 50 (circles), 
100 (triangles) and 200 mM (squares). a) Elastic modulus (G’, filled symbols) and 
viscous modulus (G’’, empty symbols) as a function of oscillatory shear stress and at 
a fixed frequency = 10 rad/s. b) Shear stress versus shear rate ramps. Duration of 
each stress point is 20 s. Increasing (filled symbols) and decreasing (empty symbols) 
stresses. c) Elastic (G’, filled symbols) and viscous (G’’, empty symbols) moduli of 
emulsions stabilized with P22 as a function of frequency at a fixed oscillatory stress 
of 1 Pa.  
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The rheological properties were measured in shear flow using a parallel plate 
geometry, which allowed adjustment of the gap size and minimization of droplet wall slip 
by using roughened plates. Shown in Figure 4.7a are the results of large amplitude 
oscillatory shear flow (LAOS) performed at a fixed frequency of 10 rad s-1 and a gap size 
of 1.5 mm, which yield the elastic G’ and viscous G’’ moduli of the emulsions. Significant 
differences were seen in the elastic modulus G’ for the different emulsions, while the 
viscous moduli G’’ values were nearly identical. The corresponding yield stress was 
identified as the value where G’ and G’’ intersect and the measured values are summarized 
in Table 4.2. These experiments revealed the emulsions, prepared at different salt 
concentrations, to have three different values of yield stress, which correlated qualitatively 
with the macroscopic behavior observed at those concentrations. As shown in Figure 4.7b, 
shear stress was measured as a function of shear rate as a second method for evaluating 
yield stress. Each stress was kept constant for 20 seconds and no thixotropy was observed 
over this duration; i.e., the increasing and decreasing stress ramps nearly overlapped and 
no time-effects on the viscosity are observed, apart from the emulsion prepared at 50 mM 
NaNO3(aq), at the lower shear rates. In these measurements the yield stress was defined as 
the point at which emulsion flow was observed, or alternatively the stress at which the 
shear rate becomes non-zero. The corresponding yield stress results, given in Table 4.2, are 
in good agreement with the LAOS measurements, and higher yield stress was associated 
with emulsions prepared at lower salt concentrations, and it is attributed to the stronger 
inter-droplet interactions under these conditions.  
  80 
Table 4.2 Summary of the rheological properties of PSTS-stabilized emulsions (φoil 
= 0.80, [P22] = 10 mg/mL, oil = TCB) prepared with various NaNO3(aq) 
concentrations 
 
[NaNO3(aq)] 
(mM) 
Yield Stress by 
LAOS (Pa) 
Yield Stress by 
Stress Ramp 
(Pa) 
G’ (Pa) 
50 21 20 130 
100 18 15 80 
200 4 4 45 
 
The viscoelastic properties of these polymer zwitterion-stabilized emulsions were 
characterized by small amplitude oscillatory shear measurements in the linear viscoelastic 
regime at a fixed oscillatory stress of 1 Pa, which allowed measuring values of G’ and G’’ 
as a function of oscillation frequency (Figure 4.7c). All the samples exhibited gel-like 
behavior, revealed by G’ >> G’’ at all frequencies studied, with only a small dependence 
of G’ on oscillation frequency. Emulsions prepared from lower salt concentrations had 
higher elastic moduli. Given the high volume fraction of droplets (φoil = 0.8 in all the 
samples), and the attractive nature of the droplets, possible estimates for the elastic 
modulus are available,37–39 however, these estimates assume the droplet concentration to 
be greater than the maximum packing fraction, which is unlikely to apply to this case due 
to the size polydispersity of the droplet samples. 
4.7 Energy of Adhesion Between Sulfothetin-stabilized Droplets 
To further the understanding on how the salt concentration of the continuous phase 
controls the properties of sulfothetin-stabilized o/w emulsions we calculated the adhesion 
energy between two oil droplets stabilized with PSTS (ΔF) using the Young-Duprè 
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equation, ΔF=2γ(1-cosθ), where γ is the oil-water interfacial tension, and θ is the inter-
droplet contact angle.40 The TCB-water interfacial tension was measured in the presence 
of P22 ([P22] = 0.5 mg/mL) and a [NaNO3(aq)] =200mM, by pendant drop tensiometry. 
The obtained value of 10 mN/m was used to calculate ΔF for all salt concentrations, since 
the solution turbidity at salt concentrations < 200 mM prevented accurate determintation 
of droplet shape (and therefore γ), while at higher salt concentrations only a minimal 
change was observed as shown in Figure 4.8.  
 
Figure 4.8 TCB-water interfacial tension as a function of [NaNO3(aq)] using the 
pendant tensiometry method. Measurements were performed in the presence of 0.5 
mg/mL P22. The measurements were performed in triplicate and the bars indicate 
the standard deviation. The red line indicates the TBC-water interfacial tension in 
the absence of polymer.  
 
Contact angle measurements were conducted via fluorescence microscopy of 
emulsions prepared with low oil volume fractions (φoil = 0.01, [P23] = 0.2 mg/mL, oil = 1 
mg/mL of Nile Red in TCB) to promote formation of small clusters that allowed direct 
visualization and angle measurements by fluorescence microscopy. As shown in Figure 
4.9a, at low NaNO3(aq) concentrations a flat contact area between droplets provided 
evidence of inter-droplet adhesion. Contact angles up to 25 °, and energies of adhesion of 
about 2 mN/m, were observed at NaNO3(aq) concentration of 5 mM (Figure 4.9b). 
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Moreover, the contact angle between droplets, and the corresponding energy of adhesion, 
decreased with increasing salt concentration in the continuous aqueous phase, which 
correlates with a decrease in the ability to form droplet-based fibers. Even at high NaNO3(aq) 
concentrations, of up to 1 M, the energy of adhesion did not decrease to values close to 
zero but rather plateaued to ~0.7 mN/m. The adhesion observed at this high salt 
concentration is likely due to Van der Waals and hydrophobic interactions between the 
hydrophobic polymer backbones adsorbed at different interfaces, since electrostatic 
interactions are screened at this high electrolyte concentrations.41 
 
Figure 4.9 Fluorescence micrograph of TCB-in-water droplets (φoil,0 = 0.01, [P22]  = 
0.2 mg/mL, oil = 1 mg/mL Nile Red in TCB, [NaNO3(aq)]=5 mM). b) Inter-droplet 
contact angle (full squares) and inter-droplet energy of adhesion (ΔF, empty circles) 
as a function of the NaNO3(aq) concentration in the continuous phase. 
4.8 Formation of Supracolloidal Fibers with Different Polymer Sulfothetins: 
Control of the Disassembly Process 
The threshold salt concentrations at which PZW-stabilized emulsions transition 
from liquid-like to adhesive is dependent on the chemical structure of the polymer.35 At 
salt concentrations below 150 mM, emulsions stabilized by PSTS were adhesive, 
independent of polymer concentration or molecular weight.35 In contrast, emulsions 
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stabilized by PSTMA were adhesive only in the absence of salt and at relatively high 
polymer concentration (> 10 mg/mL). 
 
Figure 4.10 Photographs of droplet-based fibers extruded into water from emulsions 
stabilized with PSTS (P24) ([P24] = 1 mg/mL, oil = 1 mg/mL solution of Nile Red in 
TCB, [NaNO3(aq)] = 50 mM) and PSTMA (P26) (φoil,0 = 0.17, [P26] = 40 mg/mL, oil = 
1 mg/mL Nile Red in TCB, [NaNO3(aq)]= 0 M) before and during the addition of 
NaNO3(aq) to reach a final concentration of 10 mM.  
 
The structure-dependent halophilicity of polymer zwitterions enables polymer and 
droplet design to produce fibers of aggregated droplets that disperse at well-defined salt 
concentrations. To demonstrate this, fibers formed from droplets stabilized by polymers 
P24 (PSTS) and P26 (PSTMA) were extruded into the same Petri dish containing salt-free 
deionized water (Figure 4.10). Upon increasing the NaNO3(aq) concentration to 10 mM, the 
fibers stabilized with PSTMA disassembled, and the droplets flowed to the bottom of the 
Petri dish, forming a dispersion of non-interacting droplets. In contrast, the fibers stabilized 
with PSTS were unaltered, since this salt concentration is below the disaggregation 
threshold. We note that droplet disaggregation depended on the local concentration of 
NaNO3(aq), since not all of the fibers, or even a whole fiber, disassembled simultaneously 
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but rather in a manner that followed the diffusion of the salt from the point of addition and 
subsequent propagation through the fibers. 
4.9 Multicomponent Supracolloidal Fibers: Sequential Extrusion of Emulsions 
with Distinct Oil Phases. 
The “adhesive zwitterions” of these droplets contribute attractive interactions in the 
bulk, even after extrusion of the fibers, which was evident when fibers extruded into the 
same container encountered one another. This latent adhesion allowed for preparation of 
multicomponent fibers by sequential loading and extrusion of emulsions with different 
encapsulated oils. To fabricate multicomponent fibers, first two emulsion gels prepared 
with oil phases of different densities were prepared. For one emulsion, Nile Red-labelled 
TCB, with a higher density that NaNO3(aq) solutions was used, while for the second 
emulsion a mixture of hexadecane and TCB density matched to water and labelled with 
coumarin 153 was used. (Figure 4.11a). Loading these emulsions carefully into glass 
pipettes allowed us to observe their contact inside the pipettes (Figure 4.11b).  
We allowed the emulsions to remain in contact for one minute; then, upon extruded 
them into a We allowed the emulsions to remain in contact for one minute; then extruded 
them into a glass vial containing deionized water. The resultant fibers exhibited a distinct 
color change along their length. and the less dense portion of the fibers floated for several 
of hours (Figure 4.11c) before sinking to the bottom of the vial, highlighting the ability of 
droplets to produce multicomponent fibers with zones of distinct composition along their 
lengths.  
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Figure 4.11 Fabrication of multicomponent fibers: a) Photographs of two PZW-
stabilized emulsion gels (φoil = 0.75, M¯n = 11.3  kDa, [1]  = 10 mg/mL, [NaNO3(aq)] = 
50 mM)  prepared with different density oils (red oil is Nile Red at 1mg/mL in TCB, 
δ = 1.45 g/mL; green oil is Coumarin 153 at 1 mg/mL in 5:9 TCB:hexadecane, 
δ=1.01 g/mL); b) the emulsions were loaded sequentially into a glass pipette (tip ID 
= 1.1 mm); c) photograph of the fiber after extrusion into a 20 mL glass vial 
containing 10 mL of deionized water. 
4.10 Covalently Crosslinked Supracolloidal Fibers Through Nucleophilic 
Substitution of Sulfothetin Surfactants 
As discussed in Chapters 2 and 3, PSTS undergoes efficient debenzylation in 
aqueous environments with thiolate nucleophiles. We exploited this reactivity to introduce 
covalent crosslinks into oil-water interfaces, in addition to the physical crosslinks 
introduced by the zwitterion pairing of polymer sulfothetins. To prepare covalently 
crosslinked fibers we extruded o/w emulsions stabilized by P22 (φoil =0.72, [P22] = 5 
mg/mL [NaNO3(aq)]= 50 mM) into reservoirs that contained 2.5 mL of water, 100 mg of a 
poly(ethyleneglycol)-dithiol (M¯n=10 kDa) crosslinker and 1,8-diazabicyclo[5.4.0]undec-
7-ene (DBU) as a base to deprotonate the thiol groups in the crosslinker into reactive 
thiolate nucleophiles. After incubating the fibers for 1.5 h in this crosslinking bath, 2.5 mL 
of 1 M NaNO3(aq) was added to the reservoir to increase the NaNO3(aq) to ~500 mM. 
Photographs of the obtained crosslinked fibers are shown in Figure 4.12a. In contrast to 
non-crosslinked fibers, these fibers remained stable, and no disassembly or coalescence 
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was obsrved for several days. Control experiments performed in the absence of base 
crosslinker or both (Figure 4.12b-d) were also performed, but in none of these cases stable 
crosslinked fibers, resistant to high salt concentrations, were obtained. In the absence of 
base stable fibers were obtained upon extrusion but disassembly was observed after salt 
addition (Figure 4.12b). In the absence of crosslinker, the pH of the water reservoir was 
high (pH~10) and major coalescence was observed immediately after the extrusion (Figure 
4.12c). Finally, in the absence of crosslinker and base the fibers disassembled after the salt 
addition (Figure 4.12d), as expected from the results presented in section 4.5.  
 
Figure 4.12 Photographs of extrudates of TCB-in-water emulsions gels stabilized by 
PSTS(P22) (φoil =0.72, [P22] = 5 mg/mL) into different crosslinking baths, after 
addition of salt ([NaNO3(aq)]= 500 mM) and agitation. a) Crosslinking bath 
contained deionized water (2.5 mL),PEG-dithiol crosslinker (M¯n=10 kDa, 100 mg) 
and DBU. b-d) Control experiments in the absence of base, crosslinker or both, 
respectively. 
4.11 Summary and Future Outlook 
Polymeric Sulfothetin, produced o/w emulsion networks that exhibit salt-
responsive aggregation and proved amenable to processing into macroscopic, 
supracolloidal fibers by extrusion into aqueous media. The diameter of the obtained fibers 
was tuned by adjusting the internal diameter of the extrusion device. These droplet-based 
materials exhibited responsive characteristics, specifically undergoing disaggregation upon 
increasing salt concentration and salt-concentration-dependent rheology. Varying the 
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polymer zwitterion composition used to stabilize the droplets allowed for tailoring the salt 
concentration required to trigger fiber disaggregation. This work illustrates the ability to 
translate the solution properties of polymer sulfothetins from aqueous solutions into fluid-
fluid interfaces, supracolloidal fibers, and bulk soft materials, and we anticipate that such 
soft assemblies will find applications as model systems for understanding how different 
stimuli affect self-interacting soft objects. Finally, the reactivity of the polymeric 
zwitterions towards thiolate nucleophiles in aqueous environments was used as a means of 
preparing covalently crosslinked supracolloidal fibers post-extrusion. 
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CHAPTER 5 
5CONCLUDING REMARKS AND FUTURE OUTLOOK 
 
This dissertation described the synthesis of novel (co)polymer zwitterions which 
contain trialkylsulfonium ions as their cationic components, their incorporation into 
responsive nanostructures, and their use for the preparation of “smart” emulsions and soft 
materials. Although, some conclusions and future directions regarding the research of these 
materials are mentioned in the summary sections of Chapters 2-4, an overall discussion is 
presented here, highlighting open questions and potential research projects that arise from 
the results presented herein.  
The development of polymeric zwitterions (PZWs) arises from the need of 
hydrophilic and biomimetic materials that exhibit outstanding properties, particularly 
enhanced solubility and response to stimuli in aqueous systems. Though extensive research 
on this class of polymers has been reported, obtaining zwitterionic monomers and polymers 
(apart from a handful of well-stablished examples and commercial products), is 
challenging, and this drives the need for new facile preparation methods as novel 
zwitterionic structures. As the data presented in Chapters2-4 highlights, incorporating 
trialkylsulfonium cations into PZWs is a great example of how the modifying the chemical 
structure of PZWs, deviating from the more well-stablished nitrogen-based PZWs, has a 
great impact in their solution and interfacial properties.  
The polymeric sulfothetins developed in this dissertation (i.e., PSTS and PSTMA) 
are only two of the possible sulfonium-containing PZWs that can be synthesized and are 
or interest. Both STMA and STS, containing sulfonate ions as the anionic component of 
the zwitterion. The synthesis of sulfonium carbonate and sulfonium phosphate polymer 
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zwitterions especially interesting, since they would constitute polymeric mimics of 
dimethyl sulfonium propionate and phosphatidyl sulfocholine, two sulfonium-based 
zwitterions present in nature (Figure 2.2). Additional interesting variations to the chemistry 
of sulfonium-based polymer zwitterions,are the exploration of a broader range of polymer 
backbones and the synthesis of inverted thetins, i.e., polymers where the anionic 
component is closer to the polymeric backbone. Furthermore, the sulfonium cations in STS, 
STMA, and their polymers contain a methyl group that can be altered to convey polymeric 
sulfothetins with additional properties, for instance the synthesis of sulfothetins with larger 
alkyl substituents would endow them with additional hydrophobicity, and the incorporation 
of reactive functional groups, such as alkenes, alkynes, and aldehydes, is of interest in 
bioconjugation applications.  
Development of novel sulfonium-based monomers will also expand the library of 
possible dual zwitterionic diblock copolymers that can be prepared and their respective 
properties. As described in Chapter 3, the double hydrophilic zwitterionic PMPC-b-PSTS 
diblock copolymers exhibit reversible self-assembly into nanostructures in aqueous media. 
Further exploration of the encapsulation and release capabilities of these nanostructures, as 
well as optimizing conditions for covalently crosslinking the PSTS cores in these particles, 
is of interest, in specific for the encapsulation of hydrophilic cargoes, which is challenging 
using more conventional amphiphilic diblock copolymers.  
The styrenic polymeric sulfothetin PSTS exhibited unique reactivity, not shown by 
other polymer zwitterions; specifically, they underwent efficient debenzylation by thiolate 
nucleophiles in aqueous media. This post-polymerization modification reaction can be 
expanded for the preparation of novel polymers that can not be accessed by direct 
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polymerization techniques, as well as for the preparation of peptide-polymer conjugates. 
Evidence for the latter is the reaction of STS with L-cysteine presented in Chapter 2, which 
we hypothesized could be expanded into the conjugation of cysteine-containing peptides 
to PSTS (co)polymers.  
Polymeric PSTS and PSTMA are amphiphilic and assemble at oil-water interfaces, 
endowing the resulting materials with the salt- and temperature-responsive behavior that 
they exhibit in solution. These properties allow the preparation of sulfothetin-stabilized 
emulsions and droplet-based soft fibers described in Chapter 4. Although experimental 
evidence probing the responsive and rheological properties of these emulsions is presented, 
our results explore only a small region of the parameter space of these systems. Even 
though these emulsions contain attractive inter-droplet interactions, high oil fractions were 
necessary to obtain emulsion gels amenable to extrusion into fibers, which is partly due to 
large droplet sizes and high density of the oil employed. All emulsions discussed in Chapter 
4 were prepared using low-energy emulsification techniques, resulting in micron size 
droplet sizes. Reduction of the droplet sizes using high energy techniques such as 
ultrasonication or membrane extrusion, can allow for the preparation of smaller size 
droplets that can exhibit gelation at lower oil volume fractions with unexplored rheological 
properties. The unique reactivity of PSTS allowed for the crosslinking of the droplet-based 
fibers, conferring them with stability to disaggregation at larger salt concentrations. These 
crosslinked systems constituted an interesting system in which optimization of the 
crosslinking conditions, to leave some unreactive sulfothetin groups after crosslinking, can 
endow them with salt-dependent swelling. 
  94 
CHAPTER 6 
6EXPERIMENTAL METHODS 
6.1 Materials 
Acetonitrile (anhydrous, 99.8%),  4,4′-azobis(4-cyanovaleric acid) (98%, ACVA), 
coumarin 153 (dye content 99%), 4-cyano-4-(phenylcarbonothioylthio)pentanoic acid 
(>97%, CPDB), 4-cyano-4-[(dodecylsulfanylthiocarbonyl)sulfanyl]pentanoic acid (97% 
CPTTC), 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU, 98 %), L-cysteine (97 %), 2-
methacryloyloxyethyl phosphorylcholine (MPC, contains ≤100 ppm MEHQ as inhibitor, 
97%), hexadecane (99%), Nile Red (for microscopy), poly(ethyleneglycol) dithiol (10 
kDa), 1,3-propanesultone (98%), 4-vinylbenzyl chloride (90% with 500 ppm  t-
butylcatechol), 2-(methylthio)ethyl methacrylate (96%), sodium thiomethoxide (95%), 
sodium bromide (>99%), sodium trifluoroacetate (98%), and 1,2,4-trichlorobenzene (TCB  
≥99%)  were purchased from Sigma Aldrich. 2,2,2-Trifluoroethanol (TFE. 99 %) was 
purchased both from Alfa Aesar and Oakwood Chemicals. Butylated hydroxytoluene 
(BHT, 99%) was purchased from Avocado Chemicals. 2-Mercaptopyridine (98%), sodium 
azide and sodium nitrate were purchased from Alfa Aesar. Spectra/Por7 dialysis 
membranes (1.5 and 3.5 kDa MWCO, pretreated regenerated cellulose tubing) were 
purchased from Spectrum Labs. Sodium chloride, and sodium sulfate were purchased from 
Fisher Scientific. Deuterated solvents were purchased from Cambridge Isotope 
Laboratories. Unless otherwise stated all materials were used as received. Tetrahydrofuran 
(THF) was distilled over sodium/benzophenone ketyl. MPC was purified by washing with 
diethyl ether. For microscopic measurements of emulsions glass-bottom petri dishes (Cell 
View, Greiner Bio-one) were utilized. 3-(N,N-dimethylvinylbenzyl ammonio)- propane 
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sulfonate was prepared and polymerized according to literature procedures to obtain 
PSB1.1 2-(N-3-Sulfopropyl-N,N-dimethyl ammonium)ethyl methacrylate was purchased 
from Sigma Aldrich and polymerized according to literature procedures to obtain PSB2.1  
6.2 Instrumentation 
1H and 13C NMR spectra were recorded on a Bruker 500 spectrometer with the solvent 
signal used as reference point. Size exclusion chromatography, eluting in TFE with 0.02 
M sodium trifluoroacetate at 40 °C, was performed on an Agilent 1200 series modular 
system composed of a degasser, an isocratic pump operated at 1 mL/min, an auto-sampler, 
a Polymer Standards Service (PSS) PFG guard column (8 × 50 mm), three PSS PFG 
analytical linear M columns (8 × 300 mm, particle size 7 μm), and a refractive index 
detector. Molecular weights and molecular weight distributions were estimated relative to 
poly(methyl methacrylate) standards. ESI-TOF MS spectral data was recorded on a Bruker 
microTOFII using positive-ion mode. Cloud points were measured by turbidimetry using 
a Hitachi U-3010 spectrophotometer equipped with a t2 temperature-controlled cuvette 
holder and TC-1 temperature controller (Quantum Northwest). Transmittance was 
measured at 550 nm while cooling the solutions at 1 °C/min. Cloud points are reported as 
the onset transmittance decrease. Milli-Q® ultrapure water (18.2 MΩ.cm) was used for 
these experiments. Dynamic light scattering (DLS) measuremets was performed using a 
Malvern Zetasizer NanoZS. All measurements presented are the average of three different 
measurements. Optical and fluorescence microscopy was performed on an inverted optical 
microscope (Zeiss Axiovert 200) equipped with a QImaging camera (Retiga-2000R Fast 
1394 Mono Cooled). Interfacial tension values were determined on a Data Physics OCA-
15plus tensiometer in pendant drop mode; for these measurements a drop of TCB was 
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dispensed into an aqueous solution, containing polymers at a concentration of 0.5 mg/mL 
at different NaNO3(aq) concentrations ranging from 200 mM to 500 mM. The interfacial 
tension value was measured as a function of time and the reported values are the average 
of three measurements. Rheological measurements were performed in a Anton Paar 
Physica MCR 301 stress-controlled rheometer equipped with roughened parallel plates of 
50 mm diameter. Parallel plates were used to allow the gap sizes (between the plates) to be 
adjusted and roughened to 8-9 μm porosity to minimize droplet wall slip. An Anton Paar 
H-PTD200 hood was placed around the rotating plates to prevent evaporation. Both 
increasing and decreasing shear rate ramps were used and the large amplitude oscillatory 
shear flow rheometry was performed at a frequency of 10 rad s-1. 
6.3 Methods 
6.3.1 Synthesis of 3-(4-vinylbenzylmethyl sulfonio)propane-1-sulfonate 
(M1) 
 
First, 4-vinylbenzyl methyl sulfide (1) was synthesized. Sodium thiomethoxide (3.4 
g, 49 mmol) was dispersed in dry THF (40 mL). The reaction vessel was immersed in an 
ice bath, and 4-vinylbenzyl chloride (6.3 g, 37 mmol) was added dropwise while stirring. 
The mixture was let to thaw to room temperature, then stirred for 20 h. The mixture was 
filtered to remove sodium chloride and  1 was recovered as a yellow oil after concentration 
under vacuum. (96% yield) 1H NMR (500 MHz, CDCl3, δ): 7.4 (d, J = 8.1 Hz, 2H), 7.29 
(d, J = 8.2 Hz, 2H) 6.74 (dd, J = 10.9, 17.6Hz, 1H) 5.77 (d, J = 17.6 Hz, 1H), 5.27 (d, J = 
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10.9 Hz, 1H), 3.70 (s, 2H), 2.02 (s, 3H) 13C NMR (500 MHz, CDCl3, δ): 137.9, 136.5, 
136.3, 129.1, 126.3, 113.7, 38.1, 14.9.  
M1 was obtained by ring-opening of 1,3-propanesultone (2) with 4-vinylbenzyl 
methyl sulfide (1). 4-vinylbenzyl methyl sulfide 1 (4.5 g, 27 mmol, 1 eq) was dissolved in 
anhydrous acetonitrile (25 mL). BHT (0.25 g, 1.1 mmol) was added to this solution 
followed by 1,3-propanesultone (16.6 g, 136 mmol, 5 eq). The mixture was stirred at room 
temperature until a homogeneous solution formed, then immersed in an oil bath preheated 
to 50 °C and stirred for 67 h. Upon cooling to room temperature, M1 precipitated as a white 
solid, and was recovered by centrifugation, washing several times with THF and ether, and 
drying under vacuum (5.2 g, 67% yield). 1H NMR (500 MHz, D2O, δ): 7.60 (d, J = 7.9 Hz, 
2H, ArH), 7.49 (d, J = 7.9 Hz, 2H, ArH), 6.83 (dd, J = 17.6, 10.9 Hz, 1H, Ar-CH=), 5.96 
(d, J = 17.6 Hz, 1H, CH2=), 5.45 (d, J = 10.9 Hz, 1H, CH2=), 4.70 (d, J = 13.2 Hz, 1H, Ha 
or Hb of Ar-CH2-S+), 4.63 (d, J = 13.2 Hz, 1H, Ha or Hb of Ar-CH2-S+), 3.47 (ddd, J = 
13.1, 9.2, 6.6 Hz, 1H, Ha or Hb of CH2-S+), 3.37 (ddd, J = 13.0, 9.2, 6.2 Hz, 1H, Ha or 
Hb of CH2-S+), 3.12 (t, J = 7.4 Hz, 2H, -CH2-SO3-), 2.84 (s, 3H, CH3-S+), 2.20 (m, 2H, 
-CH2-). 13C NMR (500 MHz, D2O, δ): 139.2(C-CH=CH2), 135.9(CH=CH2), 131.2(ArC), 
127.3(ArC), 125.8(ArC-CH2), 116.2(CH2=), 48.8(CH2-SO3-), 45.5(Ar-CH2-S+), 
39.5(CH2-S+), 21.5(CH3), 19.5(CH2).  ESI-MS (m/z): [M+H]+ calcd from C13H18O3S, 
287.0776; found, 287.0906 
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6.3.2 Synthesis of 3-(methyl{2-[(2-methylacryloyl)oxyl]ethyl} sulfaniumyl) 
propane-1-sulfonate (M2). 
 
 
Sulfothetin M2 was synthesized by ring-opening of 1,3-propanesultone with 2-
(methylthio)ethyl methacrylate 4. Specifically, 4 (5.5 g, 33 mmol, 1 eq) was dissolved in 
anhydrous acetonitrile (33 mL) and BHT (3) (0.22 g, 1 mmol) was added to this solution. 
Next 1,3-propanesultone (2) (20.2 g, 165 mmol, 5 eq) was added to the mixture. The 
mixture was stirred at room temperature until a homogeneous solution formed, then 
refluxed under N2(g) for 24 h. Upon cooling to room temperature, sulfothetin methacrylate 
M2 precipitated as a white solid, and was recovered by centrifugation and washed several 
times with THF and ether. After drying under vacuum overnight, M2 was obtained (7.9 g, 
84% yield). 1H NMR  (500 MHz , D2O, δ): 6.13(s, 1H, CH2=), 5.75 (s, 1H, CH2=), 4.63 
(m, 2H -C(O)O-CH2 )  3.78(m, 2H, CH2-S+), 3.54(m, 2H, CH2-S+), 3.04 (t, J = 7.42 Hz, 
2H, CH2-SO3-), 2.99(s, 3H, CH3-S+), 2.27 (m, 2H, CH2), 1.90 (s, 3H, C-CH3) . 13C NMR 
(500 MHZ, D2O, δ): 168.5(C=O), 135.0(C=CH2), 127.9(CH2=C), 58.8(C(O)O-CH2), 
48.5(CH2-S+), 41.1(CH3-S+), 40.4(CH2-S+), 22.7(CH2-SO3-), 19.4(CH2), 17.2(CH3). 
ESI-MS(m/z): [M+H]+ calcd from C10H18O5S2, 283.0674; found, 283.0800. 
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6.3.3 Representative procedure for the preparation of PSTS (P1-P7, P14, 
P22-P24) by RAFT polymerization of monomer M1 
 
 
Monomer M1 (STS, 500 mg, 1.70 mmol), chain transfer agent CPTTC 15 (17.7 
mg, 4.40 x 10-2 mmol) and initiator ACVA 16 (2.5 mg, 8.8 x 10-3 mmol) were added to a 
20 mL glass vial equipped with a septum and magnetic stir bar. The solids were dissolved 
in TFE (1 mL) to form a homogeneous yellow solution. This solution was degassed with 
N2(g) for >30 min while immersed in an ice bath to prevent TFE evaporation. The degassed 
solution was immersed in an oil bath preheated to 70 °C. After 15 h the mixture was 
quenched by immersing the vial in liquid nitrogen while open to air. A monomer 
conversion of 95% was calculated from the 1H-NMR spectrum of the crude mixture, using 
the relative integration of the vinylic and aromatic signals of the monomer (7.60, 7.49, 
6.83, 5.96 and 5.45 ppm) and polymer (6.00-8.00 ppm). The viscous polymer solution was 
diluted in 0.5 M NaNO3(aq) (15 mL), then dialyzed against 0.5 M NaNO3(aq) to remove 
unreacted monomer and TFE, then against water to remove salt. PSTS was recovered as a 
yellow solid by lyophilization (430 mg, 86% yield). 1H NMR (500 MHz, TFE-d3, δ): 7.24 
(ArH), 6.62 (ArH), 4.57 (Ar-CH2-S+), 3.49 (CH2-S+), 3.05 (CH3-SO3-), 2.73 (CH3-S+), 
2.29 (CH2), 0.8-2.00 (CH2 and CH backbone), 1.32 and 0.9ppm (CH3 and CH2 end group 
signals). 
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6.3.4 Representative procedure for the preparation of PSTMA (P8-P13, 
P15, P25-P26) by RAFT polymerization of monomer M2 
 
Sulfothetin monomer M2 was polymerized in aqueous salt solution using 4-cyano-
4-(phenylcarbonothioyl thio)pentanoic acid (CPDB, 14) as CTA and ACVA 16 as initiator. 
In a representative example, monomer M2 (500 mg, 1.80 mmol) was dissolved in 0.5 M 
Na2SO4(aq) (2.5 mL) inside a 20 mL glass vial equipped with septum and magnetic stirring 
bar. 14 (4.7 mg, 1.70x10-2 mmol) was added to this solution and stirred until dissolved. 
Then ACVA (0.94 mg, 3.4x10-3 mmol) was added. This solution was degassed by purging 
through with N2(g) for >30 min. The vial was immersed in an oil bath preheated to 70 °C 
and stirred for 15 h. Nearly quantitative monomer conversion was calculated from the 1H 
NMR spectrum of the crude mixture, using the signals from the alkene monomer protons 
(6.13 and 5.75 ppm) and the methylene polymer protons (0.8-1.5 ppm). The obtained pink 
colored polymer solution obtained was diluted with 0.5 M NaCl(aq) (10 mL) and dialyzed 
against 0.5 M NaCl(aq) to remove excess monomer, then against water to remove salt. 
PSTMA was recovered as a pink cake by lyophilization (252 mg, 51% yield). 1H NMR 
(Figure 8) (500 MHz, 0.5 M NaCl in D2O, δ): 4.61 (C(O)O-CH2), 3.60-4.00 (CH2-S+), 
3.17 (CH3-S+ and CH2-SO3-), 2.41 (CH2),1.6-2.3(CH2 backbone), 0.8-1.5 (CH3 backbone). 
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6.3.5 General procedure for the nucleophilic dealkylation of sulfothetin 
monomers and polymers.  
The reactivity of monomers M1 and M2 towards nucleophiles was evaluated by 1H 
NMR spectroscopy. Solutions of M1 and M2 (23 mM) were prepared in deuterated 
solvents (D2O, DMSO-d6, or 0.5 M NaNO3 in D2O) followed by addition NaBr, NaN3,  2-
mercaptopyridine (10) or L-cysteine (11). The solutions were kept in the dark at room 
temperature and 1H NMR spectra were recorded at different times. In analogous fashion, 
the reactivity of polymers PSTS and PSTS was evaluated in 0.5 M NaClO4 in D2O in the 
presence of NaBr and 2-mercaptopyridine (10). In a representative example, 7 mg of PSTS 
(P6, ~24 µmol of sulfothetin units) was dissolved in 0.5 M NaClO4 in D2O (1 mL) and 10 
(20 mg, 180 µmol) was added. The solution was transferred into an NMR tube and kept in 
the dark at room temperature over the course of the evaluation by 1H NMR spectroscopy.  
6.3.6 Preparation of PMPC macro-CTA (P17) via RAFT polymerization of 
M3 
 
Monomer M3 (MPC, 4 g, 13.55 mmol), chain transfer agent CPDB 14 (75.7 mg, 
2.7 x 10-1 mmol) and initiator ACVA 16 (15.2 mg, 5.4 x 10-2 mmol) were added to a 20 
mL glass vial equipped with a septum and magnetic stir bar. The solids were dissolved in 
TFE (13.6 mL) to form a homogeneous pink solution. This solution was degassed with 
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N2(g) for >30 min while immersed in an ice bath to prevent TFE evaporation. The degassed 
solution was immersed in an oil bath preheated to 70 °C. After 3 h the mixture was 
quenched by immersing the vial in liquid nitrogen while open to air. A monomer M3 
conversion of 65.7 % was calculated from the 1H NMR spectrum of the crude mixture, 
using the relative integration of the vinylic signals of the monomer (5.60,) and the 
backbone polymer signals (0.6-1.3 ppm). The polymer was recovered as a pink slid by 
precipitation of the polymer crude into 200 mL of THF. The solids were dissolved in 60 
mL of deionized water and the solution was dialyzed against water to remove unreacted 
M3. P17 was recovered as pink cake by lyophilization (2.87 g, 100% yield, M¯n =20.1 kDa, 
Ð=1.11). 1H NMR (500 MHz, TFE-d3, δ): 7.94 (ArH, end group), 7.61 (ArH, end group), 
7.46 (ArH, end group), 4.33 (CH2-O(CO)), 4.18 (CH2-OP), 4.10 (CH2-OP), 3.65 (CH2-
N+), 3.22 (CH3-N+), 1.97 (CH2, backbone), 1.15 and 0.97 ppm (CH3, backbone). X¯n = 38 
as obtained via end group analysis. 
6.3.7 Preparation of PMPC-b-PSTS diblock copolymers P18-P20 via RAFT 
chain extension of a PMPC-macroCTA with M1 
 
The procedure for the preparation of polymer P19 is presented. Polymers P18 and 
P20 were prepared in an analogous fashion varying the amount of P17 added to the 
polymerization mixture. Monomer M1 (STS, 200 mg, 6.9x10-1 mmol), P17 (PMPC-
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macroCTA, 164.9 mg, 1.39x 10-2 mmol) and initiator ACVA 16 (0.98 mg, 3.5 x 10-3 mmol, 
added as 50 µL of a 20 mg/mL stock solution in MeOH) were added to a 7 mL glass vial. 
equipped with a septum and magnetic stir bar. The solids were dissolved in TFE (1.4 mL) 
to form a homogeneous pink solution. This solution was degassed with N2(g) for >15 min 
while immersed in an ice bath to prevent TFE evaporation. The degassed solution was 
immersed in a heating block preheated to 70 °C; after 14 h the polymerization was 
quenched by immersing the vial in liquid nitrogen while open to air. A monomer M1 
conversion of 93.2 % was calculated from the 1H NMR spectrum of the crude product, 
using the relative integration of the vinylic and aromatic signals of the monomer (7.60, 
7.49, 6.83, 5.96 and 5.45 ppm) and polymer (6.00-8.00 ppm). The crude product was 
diluted with 9 mL of 0.5 M NaNO3(aq) and dialyzed against 0.5 M NaNO3(aq) to remove 
unreacted monomer, and then against water to remove salt. P19 was recovered as pink cake 
by lyophilization (316 mg, 86% yield, M¯n =27.6 kDa, Ð=1.39). 1H NMR (500 MHz, 0.5M 
NaNO3 in D2O, δ): 7.30 (ArH,), 6.71 (ArH,), 4.57 (Ar-CH2-S+,), 4.38 (CH2-O(CO)), 4.31 
(CH2-OP), 4.17 (CH2-OP), 3.77 (CH2-N+), 3.41 (CH2-S+), 3.32 (CH3-N+), 3.02 (CH3-
SO3-), 2.79 (CH3-S+), 2.19 (CH2), 2.00 (CH2, MPc backbone), 1.17 and 0.98 ppm (CH3, 
MPC backbone). 0.8-2.00 (CH2 and CH, STS backbone), A polymer composition of 
PMPC38-b-PSTS42 was calculated from the relative integrations of the aromatic signals in 
the PSTS block (7.30 and 6.71 ppm) and the methylene signals of PMPC block at 3.77 
ppm. 
6.3.8 Nucleophilic debenzylation of P19 with 2-mercaptopyridine 
The reaction of P19 with 2-mercaptopyridine 10 to produce polymer P21 was 
evaluated by 1H NMR spectroscopy. P19 (11.1 mg, 19.9 µmol of STS repeating units) was 
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dissolved in 0.5 M NaNO3 in D2O (550 µL). Separately 10 (23.6 mg, 212. µmol) was 
dissolved in 0.5 M NaNO3 in D2O (550 µL). both solutions were mixed and immediately 
transfer into an NMR tube. 1H NMR spectra were recorded at 0, 15, 50, 120 and 240 min. 
The solutions were kept in the dark at room temperature during the duration of the 
experiment.  
6.3.9 General procedures for the preparation of PSTS- and PSTMA-
stabilized emulsions and their extrusion 
P22 (10 mg) was weigh into a 7 mL glass vial and 2 mL of NaNO3(aq) of different 
salt concentrations (50, 100, 150, 200 or 500 mM) was added. The resultant 
solution/suspension was heated at 70 °C for 30 min. Simultaneously a vial containing 1,2,4-
trichlorobenzene (TCB) was heated at 70 °C for 30 min and 2 mL of this TCB was added 
to each heated polymer solution/suspension to form mixtures with φoil,0 = 0.5. The obtained 
emulsions were allowed to cool and sediment over 1.5 h, affording a concentrated emulsion 
with an aqueous supernatant. The supernatant was removed carefully and measured using 
a glass graduated syringe. The oil volume fraction of the obtained concentrated emulsions 
was calculated as φoil = Voil/[Voil + (VNaNO3 - Vsupernatant)] and the obtained values are reported 
in Table 6.1. After sedimentation and supernatant removal, the emulsions were drawn into 
syringes, which were equipped with blunt-tipped needles of different gauges (14-30 Ga, 
ID ranging from 1.55 to 0.16 mm respectively). The emulsions were extruded through the 
needles into glass-bottom petri dishes containing 3 mL of deionized water. 
Separate samples of emulsions, stabilized by P24 (PSTS) and P26 (PSTMA), 
respectively, were prepared. For emulsion 1, to 4.3 mg of P24 in a 7 mL vial was added 
4.3 mL of 50 mM of NaNO3(aq). The resultant suspension was heated at 70 °C for 30 min. 
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Simultaneously, a vial containing a Nile Red in TCB solution (1 mg/mL) was heated at 
70 °C for 30 min, then 0.86 mL of this this solution was added to the heated polymer 
dispersion. The obtained mixture was vortexed for 5 min and allowed to cool to room 
temperature and sediment. For emulsion 2, to 80 mg of P26 in a 7 mL glass vial was added 
2 mL of deionized water. The resultant suspension was heated to 70 °C for 30 min, then 
mixed with 0.40 mL of a 1 mg/mL solution of Nile Red in TCB (pre-heated to 70 °C). 
Table 6.1 Oil volume fractions (φoil) of concentrated emulsions obtained after 
sedimentation at different NaNO3(aq) concentrations 
 
[NaNO3] 
[mM] 
Vsupernatant 
[mL] φoil 
50 1.20 0.71 
100 1.28 0.74 
150 1.20 0.71 
200 1.36 0.76 
500 1.28 0.74 
 
The mixture was vortexed for 5 min then cooled to room temperature resulting in 
sedimentation.  After sedimentation, each emulsion was separately loaded into 1 mL 
syringes and extruded through a needle (50.8 mm long, 22 Ga, ID = 0.41mm) into a glass 
petri dish containing deionized water. To the obtained fibers, 50 μL of 4 M NaNO3(aq) was 
added to the dish and the shape of the fibers was observed and recorded over time. 
6.3.10 Procedure for the fabrication of multicomponent fibers from PSTS-
stabilized o/w emulsions 
Two different oil-in-water emulsions were prepared, each stabilized by polymer 
P23 (PSTS) and containing dispersed phases of different densities. In emulsion 1, to 6 mg 
of P23 in a 7 mL glass vial, 0.6 mL of 50 mM NaNO3(aq) was added. The resultant 
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suspension was heated to 70 °C for 10 min and mixed with 0.30 mL of a hot solution of 
Nile Red in TCB solution. The mixture was vortexed for 5 minutes, then allowed to cool 
to room temperature. An additional 0.30 mL of oil was added, and the mixture was vortexed 
for 2 min. The last step was repeated until the total volume of oil was 1.8 mL, to obtain φoil 
= 0.75. No sedimentation was observed for at least 1 hour. Emulsion 2 was prepared in an 
analogous manner, using a solution of coumarin 153 in a 5:9 vol:vol mixture of TCB and 
hexadecane to give a concentration of 1 mg/mL. For extrusion, the emulsions were loaded 
sequentially into a borosilicate glass pipette (tip ID of 1.1 mm) and allow to come into 
contact inside the pipette, then extruded into a 20 mL glass vial containing deionized water. 
6.3.11 Preparation of PSTS-stabilized emulsions for the determination of 
their rheological properties 
First, 20 mg of polymer P22 (PSTS) was weighed into a 7 mL glass vial and 2 mL 
NaNO3(aq) of the desired salt concentration (50, 100 or 200 mM) was added. The resultant 
solution/suspension was heated at 70 °C for 30 min. Simultaneously a vial containing TCB 
was heated at 70 °C for 30 min and 2 mL of hot TCB was added to each heated polymer 
solution/suspension to form mixtures with φoil,0 = 0.5, which were vortexed for 1 min. After 
vortexing, the obtained emulsion was transferred to a 15 mL falcon tube and 2 mL of TCB 
was added; the resultant mixture was vortexed for 1 minute and the process was repeated 
to incorporate a total of 8 mL TCB in the emulsion (i.e., φoil = 0.8). No sedimentation was 
observed before or during the rheological experiments.  
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6.3.12 Calculation of the interdroplet adhesion energy of PSTS-stabilzed o/w 
emulsions 
Inter-droplet adhesion energy, denoted ΔF, was calculated using the Young-Duprè 
equation ΔF = 2γ(1 – cos θ), where γ is the oil-water interfacial tension and θ is the contact 
angle between two droplets.2 The contact angles were measured from fluorescence 
micrographs of emulsions at low oil fractions. First, polymer P22 (PSTS, 2 mg) was 
dissolved/dispersed in aqueous solutions of NaNO3 at different concentrations (10 mL 
[P22] = 0.5 mg/mL, [NaNO3(aq)] = 5, 10, 25, 50, 75, 100, 200, 300, 500 and 1000 mM). 
These solutions/dispersions were heated to 70 °C for 10 min. Simultaneously a solution of 
Nile Red in TCB (1 mg/mL) was heated at 70 °C for 10 min and 50 μL of the Nile Red 
solution was added to each polymer solution/dispersion.  The hot mixtures were vortexed 
for 10 s, then allowed to cool to room temperature. A few drops of the obtained emulsions 
were transferred into a glass dish for imaging. Pairs of contacting droplets of relatively 
similar size were imaged, using fluorescence microscopy and the contact angle was 
calculated using the relationship 2θ = sin-1(R/R1) + sin-1(R/R2), where R, R1 and R2 are the 
radii of the contact area between the droplets, and of each individual droplet, respectively, 
as illustrated below: 
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6.3.13 Procedure for the crosslinking of supracolloidal fibers. 
To prepare covalently crosslinked fibers, o/w emulsions stabilized by P22 (φoil 
=0.72, [P22] = 5 mg/mL [NaNO3(aq)]= 50 mM) were extuded into a petry dish that 
contained 2.5 mL of water, 100 mg of a poly(ethyleneglycol)-dithiol (M¯n=10 kDa) 
crosslinker and 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU). The fibers were incubated in 
this bath for 1.5 h, then 2.5 mL of 1 M NaNO3(aq) was added to the reservoir to increase the 
NaNO3(aq) to ~500 mM. Control experiments performed in the absence of base crosslinker 
or both were also performed.  
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